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Sir: 

1 . I, David W. Stroman, declare as follows: 

2. I am the Director of Anti-Infective Microbiology for Alcon Research, Ltd. 
("Alcon"). I have been employed In this capacity since August of 1990. Prior to 
that date, I was affiliated with various research efforts in the biomedical field, 
Including infectious disease research. I was awarded a Ph.D. in Biochemistry 
and Molecular Biology by the University of Oklahoma Medical School in 1970 
and performed postdoctoral studies in the Department of Microbiology and 
Immunology of Washington University School of Medicine from 1970 to 1972. 
Further details regarding my educational background and experience in the field 
of biomedical research are provided in my Curriculum Vitae, a copy of which is 
attached as Appendix A. 
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3. I have been responsible for all of Alcon's research programs in the field of 
ophthalmic anti-infective products since 1990. As a result of this experience, I 
have become very familiar with the state-of-the-art relative to the prevention and 
treatment of ophthalmic infections, particularly infections caused by pathogenic 
bacteria and viruses. 

4. The microorganisms that cause disease in humans (i.e., "pathogens") vary 
from one part of the body to another. Consequently, the bacteria that are 
considered to be pathogens relative to the eye may not be pathogens in other 
parts of the body and vice versa. For example, Staphylococcus epidermidis is a 
major pathogen in endophthalmitis, which is a serious, sight-threatening ocular 
infection, but is part of the normal flora on human skin. Another pathogen that 
can lead to serious ocular infections (as well as other infections) is Pseudomonas 
aeruginosa, which is a Gram negative bacterium. Ocular infections involving 
Pseudomorias aeruginosa, if left untreated, may cause a patient to lose their 
vision and perhaps even the affected eye itself. 

5. I am a co-inventor of the Invention claimed in the pending United States 
patent application captioned above (the "pending application"). The invention 
resulted from a research program at Alcon that was directed to the discovery of 
new ocular anti-infective compositions that would be more efficacious than 
Alcon's existing product line in the mid-1 990's. That product line included 
TOBREX®, which contains tobramycin, an aminoglycoside antibiotic, and 
CILOXAN®, which contains ciprofloxacin, a second generation fluoroquinolone 
antibiotic. My objectives in directing this research program were to identify new 
anti-infective agents that had: (a) a broad spectrum of activity against ocular 
pathogens, particularly with respect to isolates of ocular pathogens that had 
developed resistance to the fluoroquinolones utilized in existing ocular anti- 
infective products (e.g., ciprofloxacin); (b) greater potency than either tobramycin 
or ciprofloxacin; and (c) superior ocular bioavailability, relative to ciprofloxacin 
and ofloxacin, which represented the state-of-the-art in ocular fluoroquinolone 
anti-infective therapy prior to our invention. 

6. Alcon evaluated many compounds, including fluoroquinolones, before 
selecting moxifloxacin for its next generation ocular anti-infeptive product. As 
discussed below, this selection was based on unique properties of fomnulated 
moxifloxacin, particularly its superior ocular bioavailability. 

7. I have reviewed the following materials in connection with the preparation 
of this Declaration: (a) the Office Action from the United States Patent and 
Trademark Office on the pending application bearing a mail date of April 4, 2007 
(the "Office Action"); and (b) U.S. Patent No. 5,607,942 (Petersen, et al), WO 
90/01933 (Cagle, et al.) and U.S. Patent No. 5,597,560 (Bergamini, et al.). It is 
my understanding that the Examiner is asseriiing that the invention claimed in the 
pending application is not patentable in view of these prior publications. For the 
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reasons expressed below, I believe that the invention claimed in the pending 
application is clearly not obvious in view of the foregoing references. 

8. The ocular bioavailability of moxifloxacin following topical application of an 
ophthalmic moxifloxacin composition to the eye is superior to that of other 
fluoroquinolones. As discussed below, the superior ocular bioavailability of 
moxifloxacin, when administered via an ophthalmic composition, has been 
demonstrated via numerous scientific studies. Such studies have been 
conducted both by Alcon scientists and others engaged in ophthalmic anti- 
infective research. 

9. In column 58 of the '942 patent, in vitro data (i.e., minimum inhibitory 
concentration or "MIC" values) for 18 fluoroquinolone compounds is presented. 
The MIC values for the 18 compounds are compared to the MIC values for the 
second generation fluoroquinolone compound ciprofloxacin. The data presented 
in column 58 of the '942 patent are of relatively little value to a person searching 
for improved ocular anti-infective therapies for at least the following reasons: 

(a) The spectrum of bacteria utilized in the testing is not the same as that 
typically utilized to evaluate anti-infective agents for possible use in 
preventing or treating ophthalmic infections. In particular, there is no data 
for Pseudomonas aeruginosa, which is the most dangerous ocular 
pathogen, relative to infections that may cause a loss of sight. 

(b) There is also no data for bacteria identified as quinolone-resistant, i.e., 
bacteria that have developed resistance to prior quinolones used in 
ophthalmology, particularly ciprofloxacin and ofloxacin, such as quinolone 
resistant Staphylococcus species. Consequently, it Is not possible to 
detemfiine if the compounds identified in the '942 patent would be any 
more effective against such bacteria than existing fluoroquinolones, such 
as ciprofloxacin and ofloxacin. 

(c) There is no MIC data in the '942 patent relative to moxifloxacin. 

Thus, when I read the '942 patent, I would not consider that one of the 
compounds disclosed in this document is particularly useful for treating 
ophthalmic infections, nor would I assume that moxifloxacin has better properties 
than the other compounds disclosed in this document. In any event, there is no 
data in the '942 patent from which the efficacy of moxifloxacin in the treatment of 
ophthalmic infections via topical application to the eye might be predicted. 

10. Although the '942 patent does not provide any insight relative to the 
possible efficacy of moxifloxacin in the treatment of ophthalmic infections, an 
article by J.M. Woodcock et al., published in the scientific journal Antimicrobial 
Agents and Chemotheraov (American Society of Microbiology) in January of 
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1997, did provide relevant information. A copy of the Woodcock et al. article is 
attached as Appendix B. 

11. As Indicated in the abstract on page 1 of the Woodcock et al. article, the 
authors found that moxifloxacin, which is referred to in the article by means of the 
code number "BAY 12-8039", was less active against Pseudomonas aeruginosa 
than ciprofloxacin. In fact, the data presented in Table 1 on page 102 of the 
article indicate that moxifloxacin is 2 to 8 fold less active against Pseudomonas 
aeruginosa than ciprofloxacin, depending on the MIC level tested, i.e., 50% or 
90%. (There was an 8 fold difference at the 50% value, i.e., 2 \ig/m\ for 
moxifloxacin versus 0.25 ng/ml for ciprofloxacin, and a 2 fold difference at the 
90% value, i.e., 8 |j,g/ml versus 4 ng/ml). 

12. Based on the data presented in the Woodcock et al. article, a scientist 
familiar with the requirements for ophthalmic anti-infective products could not 
have predicted that moxifloxacin would be superior to ciprofloxacin and other 
fluoroquinolones as an ocular anti-infective agent, because it exhibited relatively 
poor activity against one of the bacterium that is of greatest concern relative to 
sight-threatening ophthalmic infections, in fact, I was aware of the findings of 
Woodcock, et al. regarding the poor in vitro activity of moxifloxacin against 
Pseudomonas aeruginosa, compared to ciprofloxacin, and this inferiority was a 
major concern. Surprisingly, however, the superior ocular penetration properties 
of moxifloxacin in vivo more than compensated for the limited in vitro activity of 
this compound against Pseudomonas aeruginosa. 

13. Contrary to the prediction that might have been made based on the 
Woodcock, et al. article, Alcon's scientists discovered that the overall potency 
and penetration of our ophthalmic moxifloxacin compositions is, in fact, much 
greater than that of formulations containing ciprofloxacin, ofloxacin and other 
quinolones previously utilized to treat ophthalmic infections. This superiority is 
largely due to the ability of the compound in solution to penetrate the cornea, 
which is clearly not mentioned or implied in the '942 patent. 

14. In one of Alcon's initial evaluations of ophthalmic compositions containing 
moxifloxacin, we utilized compositions containing moxifloxacin at concentrations 
of 0.2, 0.3 and 0.5% (wt. %) to evaluate the efficacy of ocular moxifloxacin 
compositions in the treatment of keratitis infections attributable to Pseudomonas 
aeruginosa and Staphylococcus aureus. Keratitis is an infection involving the 
intrastromal layer of the corneal tissues. In order to treat this condition effectively, 
the anti-infective agents utilized must be capable of penetrating into the cornea. 
An animal model has been developed to evaluate anti-infective agents relative to 
this objective. See Hobden, et al., "Pseudomonas aeruginosa keratitis in 
leukopenic rabbits", Current Eve Research , volume 12, pages 461-467 (1993); a 
copy is attached as Appendix C. In early 1999, a study based on this model was 
conducted by one of the authors of the above-identifled article, Richard 
O'Callaghan. The results of the study are provided in the attached Technical 
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Report (Appendix D). The results of this study confirmed that ophthalmic 
compositions containing moxifloxacin at concentrations of 0.2, 0.3 and 0.5%, 
respectively, produce a level of drug in the corneal tissues that is efficacious. 
Moreover, it was determined that although the in vitro activity of moxifloxacin 
against Pseudomonas aeruginosa is 8 fold less than the activity of ciprofloxacin, 
the 0.3% moxifloxacin solution utilized in this evaluation produced results 
equivalent to those seen In our prior testing of a 0.3% ciprofloxacin solution (i.e., 
CILOXAN® Solution) in the same model. The ability of the 0.3% moxifloxacin 
solution to match the results obtained with a ciprofloxacin solution, despite the 
inferior in vitro activity of moxifloxacin against Pseudomonas aeruginosa, is the 
result of the superior corneal penetration achieved with the moxifloxacin 
compositions. This evidence of superior ocular penetration was confirmed in 
subsequent studies conducted by various investigators. Those studies are 
discussed below. 

15. The pharmacokinetics of moxifloxacin relative to several other 
fluoroquinolones has been extensively studied by my colleagues at Alcon, as well 
as other scientists and physicians. The findings of numerous scientists 
regarding the properties of moxifloxacin and other fluoroquinolones are 
discussed in a series of scientific articles published as a Special Supplement to 
the November, 2005 edition of Survey of Ophthalmology . International Review 
Journal (volume 50, supplement 1). A copy of this publication is attached as 
Appendix E. The article by Robertson, et al., which begins on page S32 of the 
publication, is specifically directed to a survey of studies relating to the 
pharmacokinetic properties of ophthalmic moxifloxacin fomnulations and other 
ophthalmic fluoroquinolone fomiulations. 

16. The data presented in the attached article by Robertson, et al. (Appendix 
E, pages S32-S45) demonstrate the superior ocular bioavailability of moxifloxacin, 
relative to other fluoroquinolones. For example, the corneal permeability data 
presented in Table 3 (page S36) show that moxifloxacin penetrates the cornea 
much more readily than other fluoroquinolones. The ability of moxifloxacin to 
penetrate the cornea following application via an aqueous solution enables this 
drug to reach intraocular tissues in amounts sufficient to treat or prevent 
infections in those tissues. As shown in Table 4 (page S37), moxifloxacin 
reaches the intraocular fluid (i.e., aqueous humor) and intraocular tissues (e.g., 
iris-ciliary body) at much higher levels than ofloxacin. Similar results are shown 
in Table 6 (page S39) and Table 10 (page S43). The superior ocular 
bioavailability of moxifloxacin In solution is a surprising finding that is not 
predicted by the Petersen, et al., Cagle, et al and Bergamihi, et al. publications 
cited by the Examiner in the Office Action. 

17. The experiments described in the attached Robertson, et al. article 
(Appendix E, pages S-43-S45 involved testing of ophthalmic solutions containing 
moxifloxacin at concentrations of 0.3 and 0.5%. The broadest claim of the 
pending application specifies a concentration range of 0.1 to 1%. The superior 
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ocular penetration properties of moxifloxacin are not dependent on the use of a 
particular concentration within this range (e.g., 0.3% or 0.5%). Rather, as 
explained in greater detail below, these properties are prevalent over the entire 
range of 0.1 to 1%. 

18. The bioavailability of drugs when administered via topical application to 
the eye can be evaluated by various ocular penetration models. Such models 
have proven to be quite reliable In simulating actual in vivo drug levels. One 
such model is described in Schoenwald, et al., "Corneal Penetration Behavior of 
B-Blocking Agents I", Journal of Pharmaceutical Sciences , volume 72, no. 11, 
pages 1266-1272, November 1983; a copy is attached as Appendix F. This 
model measures the rate of diffusion of a drug across the cornea. It was utilized 
to evaluate the ocular penetration properties of moxifloxacin upon application of 
ophthalmic compositions containing this compound at concentrations of 0.1, 0.3, 
0.5, 0.75 and 1.0%, respectively. An aqueous vehicle corresponding to the 
vehicle used in Alcon's VIGAMOX® (0.5% moxifloxacin) Ophthalmic Solution was 
utilized for these compositions.* The results of this experiment were as follows: 



Diffusion Total Amount of Drug 

Drug Rate Penetration at 240 

Concentration flMicrograms/ iiflinutes in 

IWinute) IMicrograms 



0.1% 0.86 180 

0.3% 2.16 455 

0.5% 3.20 667 

0.75% 4.54 930 

1.0% 6.00 1,197 



A graph and table showing the relative diffusion rates, as well as the total amount 
of moxifloxacin which penetrated the cornea following application of the 
respective compositions, are attached as Appendices G1 and G2, respectively. 
The results show that increasing the concentration of moxifloxacin increases the 
rate of diffusion of moxifloxacin across the cornea, as well as the amount of 
moxifloxacin that accumulates on the endothelial (aqueous humor) side of the 
cornea. As shown In Appendix G1, the relationship between moxifloxacin 
concentration and ocular penetration Is linear over the concentration range of 0.1 
to 1.0%. 

19. The in vitro corneal penetration model discussed In paragraph 18 above 
has been utilized to compare the ocular penetration of ophthalmic solutions 
containing moxifloxacin and gatifloxacin, respectively. It was found that the 
corneal penetration of moxifloxacin is about 3.6 times greater than that of 



' The VIGAMOX* vehicle contains boric acid, sodium chloride and water, and has a pH of 6.8. 
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gatifloxacin. This finding is described in tiie following publication: Owen, et al. 
"Corneal Penetration and Changes in Corneal Permeability of Moxifloxacin 
versus Gatifloxacin", Investigative Ophthalmology Visual Science 45: E-Abstract 
4910, 2004; a copy is attached as Appendix H. The relative ocular penetration 
properties of moxifloxacin and gatifloxacin have also been evaluated via in vivo 
testing, as described in the following publication: Kim, et al., "Aqueous 
Penetration and Biological Activity of Moxifloxacin 0.5% Ophthalmic Solution and 
Gatifloxacin 0.3% Solution In Cataract Surgery Patients", ODhthaimoloav . volume 
112, issue 11, pages 1992-1996, November 2005; a copy is attached as 
Appendix I. The in vivo study described in the foregoing article revealed that the 
aqueous humor level of moxifloxacin following topical application of a 0.5% 
moxifloxacin solution was 3.8 times greater than the aqueous humor level of 
gatifloxacin following application of a 0.3% gatifloxacin solution. Thus, in both 
the in vitro corneal penetration model and in the in vivo studies, moxifloxacin 
penetrated the cornea about 3.6 to 3.8 times better than gatifloxacin. This 
correlation between the results in the in vitro model and those seen in the in vivo 
testing demonstrates the reliability of the in vitro model as a tool for predicting the 
in vivo ocular penetration of fluoroquinolones, such as moxifloxacin. The in vitro 
data discussed in paragraph 18 above is therefore believed to provide a very 
realistic representation of the ocular penetration properties in patients that are 
treated with the ophthalmic compositions of our Invention containing 0.1 to 1.0 % 
moxifloxacin. 

20. In summary, the superior ocular bioavailability properties of moxifloxacin, 
when administered topically via the compositions of the present invention, has 
been demonstrated via numerous studies conducted by Alcon's scientists and 
others engaged in the field of ophthalmic anti-Infective research. This superiority 
applies to both prior second generation fluoroquinolones, such as ciprofloxacin 
and ofloxacin, and fourth generation fluoroquinolones, such as gatifloxacin. 
These superior ocular bioavailability properties are not suggested in any manner 
by the Petersen, et al. reference or other references cited In the Office Action, 
nor any other prior publications of which I am aware. The properties are 
therefore truly unexpected. The experimental testing discussed in paragraph 18 
above shows that the ocular penetration properties of moxifloxacin are linear 
across the entire 0.1 to 1.0 % concentrations utilized in the compositions and 
methods of treatment of our invention. The in vitro testing methodology 
described in paragraph 18 has been demonstrated to be a reliable model for the 
in vivo bioavailability of ophthalmic anfl-infectlve agents. Based on these findings, 
as well as the numerous comparative tests of ophthalmic compositions 
containing moxifloxacin discussed in Appendix E, it can be reasonably concluded 
that the unexpected penetration obtained with our Invention occurs at all 
concentrations across the range of 0.1 to 1.0 %. 
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21. The unexpected results achieved with our invention have greatly 
contributed to its commercial success. Alcon Laboratories, Inc. introduced a new 
anti-infective product based on our invention, i.e., VIGAMOX® (0.5% 
moxifloxacin) Ophthalmic Solution in 2003. The acceptance of VIGAMOX® in the 
medical community has been very rapid. This product was launched in the U.S. 
in 2003, and achieved total annual global sales of more than $100,000,000 in 
2004. The acceptance of this product has continued to grow dramatically, with 
global sales in 2005 of about $146,000,000 and global sales in 2006 of about 
$185,000,000. 

22. I further declare that all statements made herein of my knowledge are true 
and that all statements made on information and belief are believed to be true; 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under section 1001 of Title 18 of the United States Code, and that such willful 
false statements may jeopardize the validity of the application or any patent 
issuing thereon. 



Declared at: Fort Worth. Texas, USA. on this^^^day of May, 2007. 
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CURRICULUM VITAE 
Name: David W. Stroman 

Place and Date of Birth: Corpus Christi, TX - June 1, 1944 



Home Address: 



Education: 
1962-1966 
1966-1970 



7214 Native Oak Lane 
Irving, TX 75063 

Home telephone - (972) 401-9627 
Home e-mail - DWStroman@,AOL.com 

Work telephone - (8 1 7-55 1 -4354) 

Work FAX number - (817-551-9933) 

Work e-mail - david.stroman@.alconlabs.com 



B.S., Chemistry, Southern Nazarene University, Bethany, OK 

Ph.D,, Biochemistry and Molecular Biology, University of 

Oklahoma Medical School, Oklahoma City, OK 

Thesis: Expression of the clustered arginine genes of E. cdli 

Postdoctoral studies. Department of Microbiology and 
Immunology, Washington University School of Medicine, St. 
Louis, MO 

4th International Training Course in Membrane Biophysics, 
Yale University School of Medicine, New Haven, CN 



Professional Experience: 

8/90 to present Director, Anti-Infective Microbiology, Alcon Research, Ltd., 
Ft. Worth, TX 

6/8 8-7/90 President, Bissendorf Biosciences Inc., Richardson, TX 

6/87-6/88 Manager, Biotechnology Ventures, Phillips Petroleum 
Company 

1 0/85-6/88 Vice President, Phillips 66 Biosciences Corporation 

Formed and obtained financing for three "biotech" companies 
as a part of Phillips overall biopharmaceutical strategy. 

Served on the Board of Directors for the three companies: 
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-Biociences Corporation of Texas, Houston, TX 
(JA^ with Baylor College of Medicine) 

-Bissendorf Biosciences, GmbH, Hannover, W. Germany 
(JA^ with Bissendorf Peptide, GmbH) 

-Wadley Biosciences, Ltd., Dallas, TX 

(JA^ with Wadley Institutes of Molecular Medicine) 

8/85-6/87 Coordinator for Biotechnology Licensing, Patent and 
Licensing Division, Phillips Petroleum Company 

12/8 1-1/86 Scientific liaison between Phillips Petroleum and SIBIA 
(Phillips's J/V with The Salk Institute) with technical 
responsibility for contract research 

1 2/84-8/85 Section Supervisor, Recombinant DNA Product Research, 
Biotechnology Division, Phillips Petroleum Company 

7/81-12/84 Research Molecular Biologist and Group Leader, 

Biotechnology Division, Phillips Petroleum Company, 
Bardesville, OK 

9/76-12/76 Visiting Instructor, Department of Biology, 
Kalamazoo College, Kalama2»o, MI 

1 2/72-7/8 1 Research Scientist, Infectious Diseases Research, 
The Upjohn Company, Kalamazoo, MI 

9/70-1 1/72 NIH (NCI) Postdoctoral Fellow, Department of Microbiology 
and Immunology, Washington University School of 
Medicme, St. Louis, MO 

6/67-8/70 Research Assistant, Department of Biochemistry and 

Molecular Biology, University of Oklahoma Medical School 

9/66-5/67 Teaching Assistant, Department of Biochemistiy and 

Molecular Biology, University of Oklahoma Medical School, 
Oklahoma City, OK 

9/64-8/66 Research Assistant, Departinent of Chemistiy, 
Southern Nazarene University 



9/64-5/65 
9/65-7/66 



Teachmg Assistant, Department of Chemistry, 
Soutiiem Nazarene University, Bethany, OK 
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Vnhhe&Hons-Posters-Talks: 

Stroman DW, DajcsJJ, VidalR. Mridvika, Martinez C, Thibodeaux BA, 

O'Callaghan RJ, Schlech BA: Combination of pharmacokinetics and 
susceptibility data as a predictive indicator for prevention of bacterial 
keratitis. Ocular Microbiology and Immunology Group (OMIG) 
Meeting 2004 

Dajcs J J, Macke LM, Clark LL, Karr DL. Bartell JG, Stroman DW: Molecular 
characterization of novel coagulase-negative Staphylococcus clinical 
isolates. ICAAC Annual Meeting 44:2004 

Stroman DW. Cupp GA, Clark LL. Macke LM. BartellJG. McLean CH, Karr 
DL, Shannon SP, Schlech BA: Conjunctivitis, bacterial resistance, 
therapy success and failure. Australian Society of Microbiology 
Meeting 2004 

Roland P, Stroman DW. Parry D: Microbiology of acute otitis media with a 

tympanostomy tube. American Academy of Otolaryngology - Head and 
neck Surgery Annual Meeting 2004 

BartellJB, Karr D, Clark L, McLean C, Macke L, Mendoza B, Stroman DW: 
Characterization o/Streptococcus parasanguinis isolates associated 
with otic and ocular infections. ASM Annual Meeting 2004 

Roland PS, Kreisler LS, Reese B, Anon JB, Lanier B, Conroy PJ, Wall GM, 
Dupre SJ, Potts S, Hogg G, Stroman DW, McLean C: Topical 
ciprofloxacion/dexamethasone otic suspension is superior to ofloxacin 
otic solution in the treatment of children with acute otitis media with 
otorrhea through tympanostomy tubes. Pediatrics 113: 40-6, 2004 

Stroman DW, Schlech BA. Alfonso E. Wilhelmus K. Abshire R: The treat of 
atypical Mycobacterium in ophthalmology. Ocular Microbiology and 
Immunology Group (OMIG) Meeting 2003 

BartellJB. Karr D. Clark L. McLean C. Macke L. Mendoza B. Cupp G, 

Stroman DW: Molecular characterization of a clinically important 
ampicillin resistant subpopulation o/Haemophilus influenzae. ICAAC 
Annual Meeting 43: 2003 

Stroman DW, Mendoza B. SukplangP. Berry R, Schlech BA: Kinetics of killing 
of ocular isolates o/Staphylococcus aureus and Staphylococcus 
epidermidis by moxifloxacin. ARVO Annual Meeting 2003:1463. 2003 

Katz HR. Andrews W. Creager D, deLeon J, Merkley K. Gower L. Stroman 
DW. Nicholson N, Potts S. Moxifloxacin Study Group: Moxifloxacin 
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ophthalmic solution 0.5% hastens cure and eradicates the causative 
pathogens of bacterial conjunctivitis in pediatric and adult patients. 
AR VO Annual Meeting 2003:2114, 2003 

Schlech BA, Stroman DW, GowerL, Cupp G: Eradication of bacteria from 
infected eyes by a three day BID treatment with moxifloxacin 
ophthalmic solution 0.5%. ARVO Annual Meeting 2003:2116. 2003 

Stroman DW, Mendoza, B, Sukplang P, Schlech BA: In vitro kinetics of kill of 
Gram-positive bacteria by commercial ophthalmic fluoroquinolones. 
ASCRS Annual Meeting 2003 

Roland PS, Anon JB, Moe RD, Conroy PJ, Wall GM, Dupre SJ, Krueger KA, 
Potts S, Hogg G, Stroman DW: Topical ciprofloxacion/dexamethasone 
is superior to ciprofloxacin alone in pediatric patients with acute otitis 
media and otorrhea through tympanostomy tubes. Laryngoscope 
113:2116-22,2003 

Stroman DW: Update on methods of assessing microbiologic success or failure 
in patients with otic disease. Ear Nose Throat J 82 (Suppl 2): 14-7, 
2003 

Stroman DW, Clark L, Mclean C, Mendoza B, BartellJG: Molecular 

characterization of clinical isolates identified phenotypically as 
Enterobacter cloacae. ICAAC Annual Meeting 42:145, 2002 

Bartell JG, Clark I, Macke L, Stroman DW: Enterobacter species isolated from 
community-acquired acute otitis externa and conjunctivitis. ICAAC 
Annual Meeting 42:366. 2002 

Mclean CH, Clark LL, BartellJG, Stroman DW: Novel Pseudomonas species 
recovered from acute otitis externa. ASM Annual Meeting 102:169, 
2002 

DajcsJJ. Thibodeaux BA. GirgisDO. Traidej M, O'Callaghan RJ, Stroman 
DW. Schlech BA, CarrerasN. ValletJA: The effectiveness of 
fluoroquinolone antibiotics administered prophylactically for 
Staphylococcus aureus keratitis. ARVO Annual Meeting 2002:1583. 
2002 

Stroman DW, Cupp GA, Katz HR, Do D: Characterization and antibiotic 

susceptibility of bacteria from healthy eyes in the US and India. ARVO 
Annual Meeting 2002:1584, 2002 

Kane ST, Cochran DC, Stroman DW, McLean CH, Callegan MC: Genotypic 
andphenotypic analysis of putative virulence factors associated with 
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Bacillus ocular infection isolates. ARVO Annual Meeting 2002:1598, 
2002 

Roland PS, Stroman DW: Microbiology of acute otitis externa. Laryngoscope 
112:1166-77,2002 

Moreau JM, Conerly LL, Hume EB, Dajcs JJ, Girgis DO, Cannon BM, 

Thibodeaux BA, Stroman DW, O'Callaghan RJ: Effectiveness of 
mupirocin and polymyxin B in ejq)erimental Staphylococcus aureus, 
Pseudomonas aeruginosa, and Serratia marcescens keratitis. Cornea 
21:807-11,2002 

Stroman DW, Mclean C, Clark L. Cupp G, Schlech BA, BartellJ: 

Characterization of Acinetobacter isolates from acute otitis externa. 
ASM Annual Meeting 101:682-3, 2001 

Stroman DW, Clark L, Macke L, Mendoza B, Schlech BA, O'Brien T: 

Moxifloxacin activity against quinolone resistant Staphylococcal ocular 
isolates. AR VO Annual Meeting Abs S255, 2001 

Moreau JM, Dajcs JJ, Stroman DW, Schlech BA, Ke TL, Thibodeaux BA, 
Marquart ME, O 'Callaghan RJ: A rabbit model o/Staphylococcus 
keratitis for measuring the effectiveness of prophylactic antibiotics. 
ARVO Annual Meeting Abs S740, 2001 

Stroman DW, Roland PS, Dohar J, Burt W: Microbiology of normal external 
auditory canal. Laryngoscope 1 1 1 :2054-9, 2001 

Dajcs JJ, Moreau JM, Thibodeaux BA, Traidej M, Austin MS, Marquart ME, 
Stroman DW, O'Callaghan RJ: Effectiveness of ciprofloxacin and 
ofloxacin in a prophylaxis model of Staphylococcus keratitis. Cornea 
20:878-80, 2001 
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Girgis DO, Caballero AR, O'Callaghan RJ: The effectiveness of 
tobramycin and OCUFLOX in a prophylaxis model of Staphylococcus 
keratitis. Curr Eye Res 23:60-3, 2001 

Stroman DW. Mclean C, Clark L, Cupp G, McDonald M, Schlech BA: 

Coryneform bacteria from healthy and diseased ears in 1998-2000. 
ICAAC Annual Meeting 40:445, 2000 
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Increasing bacterial resistance in pediatric acute conjunctivitis (1997- 
1998). Antimicrob Agents Chemother 44:1650-4, 2000 
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Stroimn DW, Cupp GA, Clark LL, Mclean CH, McDonald MM, Abshire R, 
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Hume EB, Conerly LL, Moreau JM, Camion BM, Engel LS, Stroman DW, Hill 
JM, O'Callaghan RJ: Serratia marcescens keratitis: strain-specific 
corneal pathogenesis in rabbits. Curr Eye Res 19:525-32, 1999 

Block SL, HedrickJ, Stroman DW, Tyler RD, Smith RA. Findlay R, Keegan E: 
Bacterial pathogens of pediatric conjunctivitis (1997-1998). ICAAC 
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Conerly LL, Moreau JM, Engel LS, Stroman DW, Hill JM, O 'Callaghan RJ: 
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Coats JH, Stroman DW: Recent studies in Streptomyces archromogenes subsp. 
rubradiris genetics. Proc. Intern. Colloquium at the Forschungs Institut 
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formation of 4-thiouracil. Antimicrob Agents Chemother 1 1 :569-570, 
1977 

Stroman DW: Expression of the clustered arginine genes in E. coll Ph.D. 
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L. Clark, John M Yanni: Methods for treating otic and ophthalmic 
infections. US Patent No. 6740664; issued 2004. 

Gerald D. Cagle, Robert L. Abshire, David W. Stroman, John M Yanni: 
Ophthalmic antibiotic compositions containing moxifloxacin. US 
Patent No. 6716830; issued 2004. 
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attendant inflammation. US Patent No. 6395746; issued 2002. 
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Michael M. Harpold, and Ronald D. Klein: Pichia pastoris Imear 
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1997. 
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Transformation of yeasts of the genus Pichia. US Patent No. 
4,879,23 1 ; issued November 7, 1 989. 
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heterologous gene expression in yeast. US Patent No. 4,855,231; 
issued August 8, 1989. 
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lincomycin nucleotides. US Patent No. 4,464,466; issued August 7, 
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Patent No. 4,383,109; issued May 10, 1983. 
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In Vitro Activity of BAY 12-8039, a New Fluoroquinolone 
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Tlie in vitro activity of BAY 12-8039, a new fluoroquinolone, was studied in comparison with those of cipro- 
floxacin, trovafloxacin (CP 99,219), cefpodoxlme, and amoxicillin-clavulanate against gram-negatlve, gram- 
positive, and anaerobic bacteria. Its activity against mycobacteria and chlamydia was also Investigated. BAY 
12-8039 was active against members of the family Eitlerobacteriaceae (MIC at which 90% of strains tested were 
inhibited [MICjo*] ^1 l^g/mli except for Serralia spp. MIC«, 2 jtg/ml), Neisseria spp. (MIC^s, 0.015 fig/ml), 
Un.«,„..hih,, '-«"enzfle (MIC,o, 0.03 |tg/ml), and Moraxetta catarrluUis (MIC^, 0.12 ji^'ml), and these results 
to those obtained for clprofiinacfai and trovafloxacin. Against Pseudomonas aeruginosa, the 



, . . J. Against Pseudomonas aeruginosa, the 

quhiolones were more active than the P-lactam agents but BAY-12-8039 was less active than ciprofloxacin. 
Strains of Stemtrophomonas maUopUtta were fourfold more susceptible to BAY 12-8039 and trovafloxacfai 
(MIC^s, 2 |ig/ml) than to ciprofloxacin. BAY 12-8039 was as active as trovafloxacin but more active than 
ciprofloxacin against Streptoeoeeus pneumoniae (MIC^ 0.25 |tg^mO and methiclllin-susceptible Staphylococcus 
aureus (MICj,s, 0.12 (ig/ml). Hie activity of BAY 12-8(09 against methlclllln-reslstant S. aureus (MIC^ 2 ael 
ml) was lower than that against methicUIfai-susceptible strains. BAY 12-8039 was active against anaerobes 
(MICjNiS S 2 (ig^ml), being three- to fourfold more active against BaeUroides fragilis, PrevoUtta spp., and 
Clostridium difficile than was ciprofloxacin. Against Mycobactermm tuhereulosis, BAY 1^8039 exhibited activity 
comparable to that of rifampin (MICs s 0.5 |*g/ml). Against Odati^dia tradumwtis and Chlamydia pneumoniae 
BAY 12-8039 was more acUve QOCa ss 0.12 (tg^inl) than either ciprofloxacin or eiythromydn and exhibited a 
greater lethal effect than either of these two agents. The protetai bhiding of BAY 12-8039 was detennined at 1 
and 5 ftg/ml as 30 and 26.4%^ respectively. The presence of human serum (at 20 or 70%) had no marlced eiitet 
on the in vitro activity of BAY 12-8039. 



BAY 12-8039 is a new fluoroquinolone derivative with a 
chemical nomenclatureofl-q'clopropyl-7-[(S,5)-2,8-diazabi- 
cyclo[4.3.0]non-8-yl]-6-fluoro-8-metho!qr-l,4-dihydro-4-oxo-3- 
quinoline carbojgrlic acid. It shares structural similarities with 
other agents, namely, a <yclopropyl group at position 1 (as 
ciprofloxacin has), a methoxy group at position 8 (as AM1155 
has) (10), and a diazabicydo group at position 7 (as BAY 
y3118 has) (5). Preiiminaiy information suggests that BAY 
12-8039 has enhanced activity against gram-positive bacterial 
pathogens (3). In this study, the activity of BAY 12-8039 was 
compared with that of other fluoroquinolones and the novel 
naphthyridone compound trovafloxacin (CP 99,219) (2) 
against a wide range of pathogens. 

MATEKIALS AND METHODS 

Antimicrobial agcoU. Tlie following ajuitt were employed: BAY 12-8039 and 
ciprofloxacin (Bayer AO, Wuppertal, aermany), trovafloxacin (Pfizer Inc Oro- 
ton. Conn.), cefpodoxlme (Roussel Udaf, Romainville, France), amoxidllin and 
davulanlc acid (SmithKline Beecham, Worthing, United Kingdom), ribmpln 
(Sigma, Poole, United Kingdom), rifampin (Sigma, Poole, United Kingdom), 

and eiythnmydn (Ully Products, Basii^tolce, • 

were prepared and itored following the 

SuMeptlhllitr leitlng, A toul of <84 n 

and 10 well<haracterized ^•lacUmase•producing itrains were iiudied. lite o 
trol ilralns used were Eschabhta coll NCTC 10418 and ATCC 25922, Pseudo- 
monas aauglnm NCTC 10662 and ATCC 27853, Slaphyhcaxus aureus NCTC 
6571 and KTCCma. Slrtploeceempneumoi^e NCTC 7465 and ATCC 49619, 
Hamophllm b^biaaae NCTC 11931 and ATCC 49247, and Enlmcoccus fat- 
cells ATCC 2921Z SusceptiblliUes were detennined by a dandard agar plate 
diluUon method following reoommendations in reference 1. Briefly, Iso-Sensilett 
agar (pH 7.2; Unipach, Basingstolce, United Kingdom) was employed for aerobic 
bacteria, lupplemented with 50 jigof l-(4-nitrophenyl)-glyceirol (BDH, Poole, 
United Kingdom) per ml where necessaiy to prevent wanning. Supplements of 
5% hone blood (Bradsure Biologicals, Loughbonnigh, United Kingdom) and 20 
|ig of NAD (Sigma) per ml were added to support growth of fastidious bacteria. 



* Coiretponding autlior. 



(Unipath) supplemented with 50 

|i« of I.(4-iiitiDpheiiyl)-gl)rcetoI per ml and S% horse Mood wan used. All strains 
wen tested at a final inoculum of 10* CPU and for a few selected strains at an 
Increased inoculum of 10« CPU, using a multipoint inoculator (Denley Inslni- 
menfs, Billingshuist, United Kingdom). Plates were hicubated at 35 to 37^3 for 
18 lo 24 h In air; or, for fastidious bacteria, in an atmosphere enriched with 4 to 
6% caibon dioxide; or, for anaerobic bacteria, in an anaerobic cabinet (Don 
Whitley. Shiplqr, United Kingdom) In an atmosphere of 10% hydrogen, 10% 
carbon dioxide, and 80% nitrogen. 

The MIC was defined as the lowest anti 
than two colonies were observed. Ainoxici 

In a ratio of 2:1, and the results were recorded In tei 

Mycobacterium lusceplIUHOr lesltng. TTie actMly of BAY 12.8a» against 
mycobacteria was studied by an agar incorporaUon method usfaig rifampin as a 
comparative agent. Recent clinical isolates of Uycobactabm ttihmuhsis (three 
resistant to one or more of the commonly used aniimycobacterial agents and one ' 
susceptible strain) were studied. For both antibiotics a concentntion range of 
0.015 to 128 (^e/ml (doubling dilutions up or down from 1 (i^ml) incorporated 
into MIddJebrook 7H10 medium (Difco, Detroit, MUh.), coatainhig 10% 
Middlebrooic oleic acid-albuinin-<lextrose.<alalase enrichment as a suppfement, 
was used. Plates were incubated at 3rc in S to 10% carbon dioxide for 21 d^s. 
The lowest concentration of antibiotic that inhibited more than 99% of the 
bacterial population was considered to be the MIC (8). 

Chlanvdla tuscepUbiUty lesUng. The activity of BAY 12-8039 against one 
strain of Chlamydia pneumoniae and 3 strahis of Chlamydia tmhomatb was 
investigated in comparison with those of ciprofloxadn and eiythiomydn. Hie 
method employed was an adaptation of that of Webberiey el al. (11). The MIC 
was taken as the lowest concentration to Inhibit the development of indutloo 
bodies, and the mhiimum lethal concentration (MLC} was defined by the ab- 
sence of Indusiott bodies after i liirther 48-h UKubalhia hi imfbea medhun. 

Serum elect. Hie effect of human serum on the MIC and mintaium baeieri- 
ddal concentration (MBQ of BAY 12-8039 was determined for two strains eadi 
aStre^ococcuspfosems, 5. pneummlae, methidltin-sensithre S. aureus (MSSA), 
UoraxeSa catarrhalfs, £ eoU, and Klebsltlla pneumoniae. A roicrodilulion method 
was employed using Iso-Sensitest broth (Unlpath) contafnfaig 20 or 70% human 
serum ^adsure Biologicals) and supplemented for fastidious bacteria with 5% 
lysed hoise blood and 20 |ig of NAD per ml. Concentration ranges (doubihig 
dilutkms up or down from 1 (ig/ml) of BAY 12-8039 were 0.008 lo 8 |ig/ml or 
0.03 lo 32 |tg/ml (for fastidious bacteria). A final inoculum of lO' CFUAnt was 
used. Following incubation at 35 to 3^ in air or 4 to 6% cartwn dioxide (for 
— >——'-«, 50 ^1 of broth culture was subcuilured onto appropriate 
' ■ The MIC was defined as the 
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TABLE 1. The in vitro actMly of BAY 12^9 in compnison with those of other antimicrobial agents 



BAY1^8(»9 



Ciprofloxacin 
Cefpodoxime 
Amoxicillhi-clavalanate 
BAY 12-8039 
Trovafloxacin 



S. uqiufMatt (4)1 



Cefpodoxime 
AmaxicHlin-davulanate 
BAY 12-8039 
Tiovaftoxactn 




Ce^^wdoxime 
AffloxicilliiHdavulanate 
BAY 12-8039 



BAY 12-8039 
Trovailoxacin 
Ciprofloxacin 
Cefpodoxime 



BAY 12-8039 
Trovafloxjcm 
Ciprofloxacin 
Ce^KxIoxime 



0.03-32 
0.015->128 
0.008-M 

0.12->128 
O.S-32 

0.0&-4 



1-32 
0.12^.5 
0.12-^).5 
0.008-OX)3 
0.03-0.06 
0.25-8 
0.0W).5 
0.0&-1 
0.008-OiB 
0.03-0.5 
0.5-8 
0.03-O.25 
0.06-1 
0.004-0.015 
0.015-16 
16-128 
0X»-16 
0J)6-64 
0.015-16 
1->128 
8->128 
0.008-16 
0.004-16 
0.015-128 

1- >128 

2- >I28 
0.13-64 
0.03-128 

0.015-32 
128->128 
32->128 
0.06-2 
0.12-8 
0.25-16 
6+->128 
64->128 
0.12 

0.06-0.12 
0.015-0.03 
1->128 
4-128 
0.03-0.25 
0.0W).25 
0.008-O.06 
0.25-2 
W2 

0.06r-l 

0.06-1 
0.03-0.25 
0.5-2 
0.5-16 
0.03-0.06 
0.015-O.06 
0.015 
0.25-0.5 
14 
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TABLE 1— Continued 





aprofioxacin 
CeQxxloriaie 


0.03 
0.03 


0.25 
1 


0.015-0.25 
0.03-16 












M5SA (54) 


BAY 12*8039 






0.03-0.12 








0.015-0.12 




Qpronwcacii] 










Cefpodosittit 


















MRSA (20) 


DAT liHSUjy 

Ttovafloxadn 


2 


2 


2 




Ciprofl<n8ciii 


128 


128 


32-128 




Celpodoiiait 


>128 


>128 


128->128 




AmoxicUlliHiiavulanate 








£ ^^demUdis (29) 


BAY 12-8Q39 








Itovafloxadn 
Ciprofloxacin 
Ce^podoxinie 










AnuMdcilliii-cIavuIanate 








S. sapn^l^/^eus (30) 


BAY 12-8039 








Travafl<xcacin 






0.06-0.12 




Ciprofloxaciii 




0.5 


^•^^■^ 




Cefpodoxiine 


i 








AmoxiciUlii-claviilanatd 








S. pneumoniae (32) 


BAY 12-8039 

Cipronoxacm 
Cefpodoxime 




025 














S. ntUleri (30) 


BAY 12-8039 










Trovafloxacitt 










Ciprofloxacin 










CeQxjdoxime 










Amoxicfllin-clavulanate 








Group A streptococci (20) 


BAY 12-8039 






0.06-0.25 


Trovafloxacin 






006-025 




Ciprofloxacin 




























Group B jlFcptococci (20) 




















Cefpodoxime 














0.03-0.06 












E, pxKoMs (30) 


BAY 12-8039 






























Cefpod(»ime 


8 


>128 


1->128 










0.12-16 


E. faecium (20) 


BAY 12-8039 


2 




0.25-4 


Trovafloxacin 


0.5 


2 


0.25-8 




Ciprofloxacin 


2 


4 






C^xxlaxime 


>128 


>128 


03->128 












a Influenzae (36) 


BAY 12-8039 


osa 


0.03 


0.015-0.06 


Trovafloxacin 


asm 


0.015 


0.004-0.03 




aprofloxaein 
Cefjpodoxinie 


OJttS 


0.015 


0X08-O.01S 




M6 


0.12 


0.03-OJ 






OS 


2 


0.25^ 


M. eaiairhatis (35) 


BAY 12^9 


0.06 


0.12 


0.06-fl.l2 


Trovafloxacin 


OJOi 


0.03 


0.008-0.06 




aprofioxacin 
Cttpodoxinie 


OM 


0.06 


0.03-0.06 




OJ 




0.12-16 




AmoxiciUin-daviilanate 


0.12 


0.25 


0.015-1 


N. gonorrhoeae (34) 


BAY 12-8039 


om 


0.015 


0.004-0.12 


Tlcovafloxacin 
Ciprofloxacin 


0.004 
0.004 


0.008 
0.004 


0.002-O.03 
0.001-0.12 
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TABLE l-Conlinued 



OoOridium pafiingens (10) 



0.002-0.03 

O.Ofr-1 
0.004-0.015 
0.004-O.008 
0.004-O.008 
0.002-0.008 

0.03-0.12 

0.06-1 

0.12-2 
0.2S-M 
0.06-16 
0.12-1 
OS-l 

1- 4 

2- >128 
OS-4 

0.12-0.25 
0.25-1 



a25-l 
05-1 
0.25-0.5 



' S0% and 90%. MIC» and MIQa, 



MBC was defined as the lowest antibiotic concentration to reduce growth to five 



visible growth, and the against £ tmltopMUa (MIC90S, 2 |xg/ml) than ciprofloxacin 



concenlrationi (1 
was iwestlgated. Hie method employed Centi 
„. ■aaj.uiu^gfli,^, 



s(Amlcao, 
kY 1^8039 



The activity of BAY 12-8039 against members of the famify 
Enterobacteriaceae (MIC at which 90% of strains tested were 
inhibited [MIQh>1 ^ 1 ("■g/ml, and for Serratia spp, MIC90 = 2 
|j.g/ml) was similar to that observed for trovafloxacin (Table 1). 
Both these agents were generally one-half as active as cipro- 
floxacin, except against Proteia mirabiUs, Proteus vulgaris, Uor- 
ganella morganii,Enterobacter spp., and CUrobacter spp., where 
ciprofloxacin was 8 to 16 times more active. In general, the 
quinolones were more active than either of the p-lactam agents 
against members of the Enterobacteriaceae. BAY 12-8039 was 
equally active agamst p-lactamase-producing and -nonproduc- 
ing strains of £. colt. 

BAY 12-8039 was shown to be more active againstyldneto- 
bacter spp. (MIC^ 2 |jig/ml) than dprofloxadn (MIC90, 8 ijLg/ 
ml). Against P. aeruginosa and Staiotntphomonas malfophUia 
the quinolones, bduding BAY 12-8039, were more active 
(MIC90 £ 8 iigTml) than the p-lactam agents (MIC«^ > 128 
p^nd). Both BAY 12-8039 and tnwaflcnadn were more active 



(MICioS,8|igfeiI). 

BAY 12-8039 «diibited activity against Staphylococau st^ 
rophyticus (KfIC«o> 0.2S |Lg/!ml) and Staphylococcus epidemics 
(MIQkm 2 |tgM), the MIQnS of ciprofloxacin being 0.5 and 8 
Jig/ml, respectively. The activity of BAY 12-8039 against 
MSSA (MICsw, 0.12 |i,g/ml) was sunilar to that of trovafloxacin 
(MIC^ 0.06 (igAnl) but greater than that of ciprofloxacin 
(IvlICgo. 1 M'g/ml). BAY 12-8039 was less active against methi- 
cillin-resistant S. aureus (MRSA) (MlCgg, 2 |jig/ml) than 
against methicillin-susceptible strains (MIC^ 0.12 (ig/ml). 
However, it was more active than ciprofloxadn (MlCj^i, 128 
(igAnl), oe^podoxime (MIQoi >128 ft^ail), and amoxicillin- 
davulanate (16 (Lg^ol) against the MRSA. 



TABLE Z In vitro activify of BAY 12-8039 la comparison 
with rifampin against M. lubatulosis 



BAY 12-8039 Rifampin 



1 


FuUy sensitive 


05 


0.25 


2 


Isoniazid and streptomycin 
resistant 


0,25 


0.25 


3 


Isoniazid and rifampin resi 


stant 0.12 


ND" 


4 


Sti^tmnydn resistant 


OJiS 


0.5 
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TABLE 3. MIC and MLC of BAY 12-8039 and comparator 
agents for C trachomatis and C pneumonlaef 



BAY 12-8039 Ciprofloxacin Eiythromycin 



MIC MLC MIC MLC MIC MLC 



C. tradtomalis 6/96 0.06 0.12 2.0 2.0 0.2S 2.0 

C. trachomatis ym 0.12 0.12 ZO 2ja OS 4.0 

CtmOomatisW OXW 0.12 1X1 2X) OS 4.0 

C pneumoniae VNiSi 0J6 a06 2j0 2X) 035 0.5 



' Values lie given in micrograms per milliliter. 



crease in MIC. For S. marcescens, two of five strains showed a 
threefold increase in MIC 

The presence of human serum had no marked effect on the 
MICs or MBCs determined for BAY 12-8039 at either 20 or 
70% (Table 4), with the exception of one strain of group A 
streptococci for which the MBC was 0.25 |xgAnl in the absence 
of serum and 1 (t^ml in the presence of 70% serum. The 
protein binding of BAY 12-8039 was determined at 1 and 5 
(tgAnl as 30 and 26.4%, respectively. 



BAY 12-8039 exhibited activity against Streptococcus millai 
and group A and group B streptococci (MIQoS> 0.25 (tg/ml), 
and this was comparable to that of trovafloxadn. Hie activi^ 
of BAY 12^9 against S. pneummiae (MICm, 025 (igAnl) 
was also similar to that of trovafloxacin but was considerably 
greater than that of dprofloxadn (MIC^ 16 iigAnl). A strain 
mhibited by 16 (jig of ciprofloxacin per ml was inhibited by 0.12 
and 0.2S (tg of BAY 12-8039 and trovafloxacin per ml, respec- 
tively. BAY 12-8039 was also shown to be active against R 
faecalis (MIQx). 0-S iig/ml) sad Enterococats faecium (MIQo> 
2 |j,g/ml). 

BAY 12-8039, in common with the other quinolones, was 
highly acth^e against Neisseria gonorrhoeae and Neisseria men- 
it^ftidis (Miqio, 0.015 ti^Anl), H. influenzae (MIC^ 0.03 |Jig/ 
ml), and M. amthaUs (MIC^ 0.12 |tgftnl). 

BAY 12-8039. was found to be active against all the strains of 
anaerobic bacteria studied (MICmS s 2 |i«/inl). BAY 12-S039 
was three or fourfold more active against Bacteroides fragilis, 
Prevotella spp., and Chstridium difflcile than ciprofloxacin. 

BAY 12-8039 exhibited an activity comparable to that of 
rifampin for all strains of M tuberculosis (Table 2). 

Against both C. trachomatis and C. pneumoniae (Table 3) 
BAY 12-8039 was shown to be more active (MICs of 0.06 to 
0.12 pig/ml) than either ciprofloxacm (MICs of 1 to 2 i<,g/ml) or 
eiythromycin (MICs of 0.25 to 0.5 jig/ml). BAY 12-8039 ex- 
hibited a high lethal effect against both C. trachorratis and C 
pneumoniae, with the MLCs being equal to, or within one 
dilutional step of, the MICs. 

An increase in inoculum size from 10^ to lO' did not affect 
the MICs for the E coU strains studi^ (data not shown). For 
K pneumoniae, however, one strabi was affected, and in this 
case the MIC increased fourfold. The majority of P. mbabOis 
strains tested at an inoeased inoculum shewed a twofold hi- 
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The results presented here generally agree with preliminary 
information on BAY 12-8039 which indicates improved In vitro 
actMty against gram-positive bacteria (3). In this study, BAY 
12-8039 was found to be more active than cipro£k«adn against 
£ pneumoniae, MSSA, and MRSA. In addition, the activity of 
BAY 12-8039 equaUed that of trovafloxacin. which has previ- 
ously been shown to possess improved activity against gram- 
posithre bacteria (2, 4). It should be noted that BAY 12-8039 
was less active against MRSA than against MSSA. The strains 
of MRSA used in this study were recent clioical isolates, and it 
is dierefore likely that some were dpnafioxacin-iresistant epi- 
demic MRSA (6). In the dinical situation resistance to dpro- 
floxadn by MRSA appears to be rapidly acquired (7, 9), and it 
is possible that the mechanism(s) of resistance to dprofloxadn 
also applies to BAY 12-8039. 

In common with other fluoroqumolones, BAY 12-8039 ex- 
hibited activity against Mi&Enterobactariaceae. Against /4c/neto- 
bacter spp. BAY 12-8039 was shown to be more active than 
ciprofloxacin. In addition, BAY 12-8039 was generally found to 
have improved activity compared to that of ciprofloxacin 
against anaerobic bacteria. 

BAY 12-8039 was shown to be active against common re- 
spiratory pathogens, such as M. catarrhalis and H. influenzae. 
Against M tuberculosis BAY 12-8039 was found to be as active 
as rifampm. This activity is similar to that of ciprofloxacin and 
improved compared to that of trovafloxacm (2). BAY 12-8039 
was shown to be slightly more active against Mycobacterium 
avium-Mycobacterium intracellulare compared to rifampin. 
Against strains of Chlamydia spp. BAY 12-8039 was found to 
be more active than either eiythromydn or ciprofloxacin. 

The protem buidmg of BAY 12-8039 was similar to that of 
many other fluoroquinolones (<S0%) but less than that of 
trovafloxadn, which we found to be approximately 85% em- 
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ploying similar methodologies (2). The presence of serum had, 
as expected, little or no effect upon the in vitro antimicrobial 
acthri^ of the new compound. 

BAY 12-8039 has a broad spectrum of activity which m- 
dudes gram-negative and gram-positive bacteria. Chlamydia 
spp.,K tuberculosis, and anaerobes and therefore has consid- 
erable clinical potential in a wide range of mfections. 

ACiCNOWLEDGMranr 
We tbank A. Dalhoff of Bayer AG for financial assistance and 



1. BriUid Soclclgr for AoUmlcnbial Cbcn 



guide 10 sensllivity testing. British Socie^ for A 
LmdoD, United Kiiigdom. 

2. atU|,J,J.M.Aadi«m^F.Boiii«ll,N.P.Bitniria.udR.Wi^ 
ta^viUo adivlv of CP99219. ■ new naphllviidliie intimlcnbial agent: ■ 
compaitton with fluoroquinolone agents. J. Antimicrob. Chemother. 35:869- 
876. 

3. Dilhoi; An U. Peterson, and R. EndtnnnnB. In vitro acth% of BAY 12- 
8039, a new S-methoi^qiilnolane. Chemotlierapy (Basel), in press. 

4. EUopottlos, G. U, K. Klimm, C T. EUopoulos, M. J. FctTaro, and R. C 
Moeilcrinf. 1993. In vitro activity of CP 99m a new flnoioqulnolane. 
against clinical isolates of gtam-positive bacteria. Antimicnb. Agentt Clie- 



adivily against anaerobes, abstr. 645. In Program ar 
Intertdence Conference on Antimicrobial Agents and Oiemolheraiiy. 
American Society for Microbiology, Washington, O.C 

6. Hospital InfecUon Society Working Par^. 199S. Guidelines on the control of 
meUiiciUbi-resislant Staphylococcus aureus in the conununity. J. Hoq>. In- 
fiecL31:l-lZ 

7. Isaacs, R. D, P. J. Knnke, R. U Cohen, and J. W. Smith. 1988. aproBoxadn 
resistance in epidemic methiciltin resisUnt Slqphylococaa auiaa. Lancet 

7aA»aoB, R. D, R. T. Slel^ B. T. Davis, and S. W. Chapnan. 1980 
Metbod for reUaUe deteimination of nunbnum lethal antibiotic ooncenira- 
lidna. Antimicrob. Agents Chemother. IftfflO-TOg. 

8. Ptin»n4CA.CIkas,CTtaabl<Pcraot,J.Gn»stl,J.aPoddalo,andJ.-I. 
Vllde. 199a ActMttet of dadthtoovcin. sulfisoxazole, and rifabutin against 



Antimlciob. Agentt aemotiier. 34:lSa»-lSll. 
9. RavltfkNW, M. C J. F. Boyle, P. Mariuz, ^ Pablos-Mendez, K Cortes, and 
A. Merlo, 199a Ciprofioxacin-resislant metiiiciUin-resislant Su^/^lococcus 
~ • sr. 342050- 



I, and R. Wise. 1987. 
al antibody for de- 

teiminihg the in vitro aclM^ of antbnterobial agents agahist Chlantydi' 
■ " -4. Eur. J. Clin. MkroUol. &587-589. 



Eye , 
Research 



Pseudomonas aeruginosa keratitis in leukopenic rabbits 



Jeffery A.Hobden», Lee S.EngeF, Michelle C.Callegan^ James M.Hill»■^ Bryan M.Gebhardt* and 
Richard J.O'Csllaghan* 

»Lions Eye Research Laboratories, LSU Eye Center and ^Department of Microbiology, Immunology and 
Parasitology, Louisiana State University Medical Center School of Medicine, New Orleans, LA 70112, 
USA 



ABSTRACT 

TO study the role of the host 
inflammatory response in Pseudomonaa 
aeruginosa keratitis, rabbits were made 
leukopenic with intravenous injections of 
cyclophosphamide and dexamethasone . 
Twenty-four hr later, keratitis was 
initiated in all rabbits with an 
intrastromal injection of 1,000 log phase 
p. aeruginosa strain 27853. Slit lamp 
examination of eyes showed that 
leukopenic rabbits had significantly less 
(P<0.0001) ocular pathology at 16, 22, 
and 27 hr postinfection. The number of 
Viable bacteria recovered from corneas of 
leukopenic rabbits was the same as the 
number recovered from nonleukopenic 
rabbits (P-0.95). These results suggest 
that the host inflammatory response 
significantly contributes to thS overall 
ocular pathology associated with 
P. aeruginosa keratitis, but does not 
influence the survival of the infecting 
organism in the cornea at the height of 
the infection. 



IKTRODDCTION 

Pseudomonas aeruginosa causes, the most . 
severe form of bacterial keratitis (1,2). 
Infections of the cornea with this 
organism are characterized by a rapid 
liquefactive necrosis of the stroma (3) , 
which can lead to corneal perforation 
within 24 hr (2). 

The pathogenesis of P. aeruginosa 
keratitis appears to involve both 
bacterial (4-6) and host (7-9) 
constituents. Bacterial factors reported 
to be important for ocular virulence are 
elastase, alkaline protease, and exotoxin 
A (6,10). Host-derived products which 
could damage the cornea are thought to be 
associated with polymorphonuclear 



leukocytes (BHN) chemotactlcally 
attracted to the site of infection 
(11-15) . 

The exact role bacterial and host 
factors play in the destruction of the 
cornea is unknown. To determine the role 
of the host inflammatory response in 
P. aeruginosa keratitis, rzOibits in this 
study were made leukopenic prior to being 
intrastromally infected with viable 
P. aeruginosa. The development of ocular 
pathology in these rabbits was recorded 
by slit, lamp examination (SLE) at 16, 22, 
and 27 hr postinfection (PI) . The effects 
of leukopenia on the number of I>HN 
infiltrating the infected cornea, as well 
as on the number of viable bacteria 
present in corneal tissue, were 
determined 27 hr PI. 

HiVTERZALS AND METHODS 
Induction of leukopenia 
All animals were treated in accordance 
with the ARVO Resolution on the Use of 
Animals in Research. New Zealand white 
rabbits (3.0±0.1 kg) were made leukopenic 
with injections of cyclophosphamide (75 
mg/kg) and dexamethasone (4 mg/kg) as 
described by Stroop and Schaefer (16) . 
Rabbits were anesthetized with an 



intramuscular injection of ketamine 
hydrochloride (20 mg/kg; Ketaset*, 100 
mg/ml, Aveco Co., Inc., Fort Dodge, lA) 
and xylazine hydrochloride (10 mg/kg; 
Rompun*, 100 mg/ml. Miles Laboratories, 
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Shawnee, KS) . A 20 mg/»l filter- 
sterilized solution of cyclophosphzuaide 
monohydrate (Sigma Chemicals, St. Louis, 
MO) prepared in phosphate buffered saline 
(PBS, pH 7.4) was then injected into the 
marginal ear vein. Control rabbits were 
injected with PBS (3 ml/kg). Twenty- four 
hours later, dexamethasone sodium 
phosphate (4 mg/ml; The Butler Co., 
Columbus, MO) or PBS (1 ml/kg) was 
intravenously administered. White blood 
cell (WBC) counts were determined in each 
rabbit from blood drawn from the marginal 
ear vein using a Unipette kit (Becton- 
Dickinson, Rutherford, NJ) for manual WBC 
determinations prior to each injection, 
at the initiation of infection, and at 
the time of sacrifice. To differentiate 
the WBC types at the time of sacrifice 
(27 hr PI), blood smears were prepared 
and stained with Wright's stain 
(Leukostat*, Fisher Diagnostics, 
Orangeburg; NY) . • 
Experimental Psaudomona s aeraqinosta 
keratitis 

P. aeruginosa keratitis was initiated at 
24 hr after the injection of 
dexamethasone in leukopenic and 
nonleukopenic rabbits (3 rabbits, 6 eyes 
per group). The procedure for initiating 
keratitis has been described (17). 
Briefly, rabbits were anesthetized with 
ketamine and xylazine as described above 
and corneas were anesthetized with 0.5% 
proparacaine hydrochlpride (Ophthaine*, 
E.R. Squibb & Sons, Inc., New Brunswick, 
NJ) . An aliquot of 10 nl of tryptic soy 
broth (Difoo Laboratories, Detroit, MI) 
containing approximately l,000 
logarithmically grown P. asriiginosai ATCC 
27853 was then injected into the stroma. 
P. aeruginosa 27853 establishes 
reproducible keratitis in rabbits (18-22) 
and guinea pigs (23,24). 
Evaluation of ocular inflammation 
Slit lamp examination and estimations of 



numbers of PMN infiltrating into corneal 
tissue were used to determine the effect 
of leukopenia on the inflammatory 
response resulting from the pseudomonal 
corneal infection. 

To assess inflammatory changes in the 
conjunctiva, anterior chamber, and the 
cornea, eyes were examined with a Topcon 
SL-5D slit lamp biomicrosoope (Kogaku 
Kikai K.X., Tokyo, Japan) at 16, 22, and 
27 hr PI. All examinations were conducted 
independently in a masked fashion by 
three observers. The scoring system used 
has been previously described (22,25). 
Briefly, scores of 0.00 (absent) to +4.00 
(severe) in 0.25 increments were assigned 
to seven parameters: conjunctival 
injection, conjunctival chemosis, iritis 
(cell and flare), fibrin in anterior 
chamber, hypopyon, stromal infiltrate, 
and stromal edema. -Sco^res from each of 
the parameters wer'e summed to provide a 
single value that represented the degree 
of change observed. 

The numbers of PMN in corneal tissue at 
27 hr PI was determined by quantltating 
myeloperoxidase (MPO) activity in an 
assay similar to that described by 
Williams et al. (26). Assayi were 
conducted in 96-well microtiter plates 
(Costar; Cambridge, MA) and samples were 
run in triplicate. Rabbits were 
sacrificed with an overdose of 
pentobarbital sodium (The Butler Co.) and 
corneas were aseptically removed as 
previously described (17) . Corneas were 
homogenized as described below for 
quantitation of viable P. aeruginosa per 
cornea. Aliquots of o.l ml of homogenate 
were removed for bacterial enumeration 
before hexadecyltrimethylammonium bromiide 
(CTAB, Sigma) was added to a final 
concentration of 0.5%. The final volume 
of the homogenate was 3.0 ml. The mixture 
was further homogenized on ice for 30 
sec. Tissue debris was removed from the 
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bonogenate by centrifugatlon at 40,000 x 
q for 15 min at 4*C. A 6.9 /*! aliquot of 
the resulting supernatant was then mixed 
with 200 All of potassium phosphate buffer 
(50 mM, pH 6.0) containing o-dianisidine 
dihydrochloride (16.7 mg/100 ml, Sigma) 
and hydrogen peroxide (0.0005%). Optical 
density at 450 nm was measured every 2 
min with a Dynateoh MR500 microtiter 
plate reader (Dynatech Ijaboratories , 
Chantilly, VA) for 10-15 min at room 
temperature. Calculations of MPO activity 
were performed as described by Willieuns 
et al. (26). One unit of MPO activity is 
equivalent to approximately 5 logs of 
PMN. The lowest detectable MPO activity 
was 0.01 units which is equivalent to 
approximately 3 logs of PMN. For corneas 
with less than 0.01 units, a value of 0 
PMN per cornea was used to calculate the 
average number, of PMN per group. PMN 
determinations are expressed as the log 
base 10 number of PMlf per cornea. 
Quantitation of via ble P. aeraainosa per 
cornea 

Corneas surgically removed at the 
corneoscleral limbus were minced, placed 
into a sterile tube containing 3.0 ml 
sterile PBS (pH 7.4), and homogenized on 
ice with an Ultra-Turrax* Tissuemizer 
(Tekmar Co., Cincinnati, OH). Homogenates 
were serially diluted (1:10) to a 
dilution factor of 10"^. Aliquots (0.1 
ml) of each dilution (including the 
undiluted sample) were plated on tryptic 
soy agar plates (Difco Laboratories, 
Detroit, MI) and incubated for 24-48 hr 
at 37°c. 

Statistical analys is of data 
Statistical analysis was carried out 
using the Statistical Analysis system 
(SAS) software program (27) for personal 
computers. For colony forming units and 
log number of PMN, an analysis of 
variance was performed and, where a 
significant analysis of variance was 




found, t tests between the least square 
means from each treatment group were 
performed. For SLE scores, nonparametric 
one-way analysis of variance (Kruskal- 
Wallis test) was used. For comparison 
among groups in this analysis, Wilcoxon 
scores were used. A probability value of 
less than 0.05 was considered 
significant. 

RESUIfl?s 

The decrease in circulating WBC after 
treatment with cyclophosphamide and 
dexamethasone is shown in Figure 1. The 
number of circulating WBC in drug-treated 
rabbits compared to control rabbits 
decreased 40% by day 2 (24 hours after 
dexamethasone injection) and even further 
to 80% by day 3. peripheral blood smears 
showed a corresponding 50% decrease in 
circulating PMN in the leukopenic 
rabbits, compared to the nonleukopenio 
rabbits, at the time of sacrifice (day 
3). 

The infected, leukopenic rabbits 
demonstrated significantly less ocular 
pathology at 16, 22, and 27 hr 
(P<0.0001), compared to the nonleukopenic 
animals (Table 1) . As in the peripheral 
circulation, the corneas from infected 
leukopenic rabbits had significantly 
fewer PMN than the corneas from 
nonleukopenic rabbits (P<0.02) (Table 2). 
The numbers of viable bacteria, however, 
were not significantly different between 
the two groups (P=0.30) (Table 2). 

DISCUSSION 

Infection of mice (28), guinea pigs (29), 
and rabbits (30) has shown that the host 
inflammatory response to P. BLBXuginoBa 
keratitis consists almost entirely of 
infiltrating PMN. These cells migrate 
through the corneal stroma from limbal 
blood vessels (31) to the site of 
infection in response to chemotactic 
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DAYS 

Figure 1: Induction of leukopenia in 
rabbits. Rabbits were made leukopenic 
with intravenous injections of 
cyclophosphamide (75 mg/kg) and 
dexamethasone (4 mg/kg) . A sterile 20 
mg/nl solution of cyclophosphamide 
monohydrate prepared in phosphate 
buffered saline (pH 7.4) was injected 
into the marginal ear vein on day 0. 
Twenty-four hr later (day i) , an 
injection of dexamethasone sodium 
phosphate (4 mg/ml) was administered 
intravenously. Control rabbits <were 
injected each day with' the appropriate 
volume of saline. The total white blood 
cell counts were determined in blood 
samples drawn from the marginal ear vein 
prior to the injection of 
cyclophosphamide (triangle) or saline 
(square) on day 0, and for the next 3 
consecutive days. Rabbits were leukopenic 
24 hr after the injection of 
dexamethasone (day 2) at which time 
bacterial keratitis was initiated. Values 
are means ± SEM'of 3 rabbits. 



stimuli originating from bpth the host 
(32,33) and the micro-organism (34). The 
oxidative burst in PMN and the subsequent'^*'" 
release of free radicals and proteases 
(serine protease, elastase, collagenase, ' 
and gelatinase) cause extensive damage to^ 
the corneal stroma (11-15). ^ 
In 1979, Chusid and Davis (35) rendered^ | 
guinea pigs neutropenic with whole body ^ j 
X-irradiation before intrastromally • , i 

injecting an overnight culture of a 
strain of P. aeruginosa obtained from a ^ , 
human corneal ulcer. They reported that 
corneas of neutropenic guinea pigs ^ i 

contained one-third as many PMN and one | 
hundred times more bacteria than corneas ^ i 
of non-neutropenic guinea pigs. In our 
study, we noted significantly fewer PMN 
in the corneas of leukopenic animals 
compared to the corneas of nonleukopenic 
anlsials. However, d%splte containing 2.5 
logs fewer PMN, cdrneas of leukopenic 
rabbits had the same number df bacteria 
as the corneas of norileukopenic rabbits. 
In contrast to the guinea pig model, in 
our rabbit model PMN were apparently 
unable to contain the rapid growth of 
bacteria. 

In our study, eyes of infebted 
leukopenic rabbits were significantly 



Table 1: slit lamp examination scores as a 
J>. aerugriiiosa-infected leukopenic rabbits 


measure of corneal 


inflammation in 


SLE? 


Groupi Leukopenip^ 16 hr 


22 hr 


27 hr 


1 Yes 3.2 ± 0.6 


4.7 ± 0.8 


4.8 ± 1.0 


2 No 6.3 ± 0.7 


9.7 ± 0.8 


14.7 ± 1.8 



^ Each group consisted of 3 rabbits, 6 eyes. 

Leukopenia induced by injection of cyclophosphamide (75 mg/kg) followed 24 hr later by 
dexamethasone (4 mg/kg) . 

Slit lamp examination scores at 16, 22, and 27 hours after inoculation of P. aeravinosa: 
group 1 scores are significantly lower than group 2 scores (P<0. 0(^01) at all three time 
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Table 2: P. aeruginosa keratitis in leukopenic rabbits 



WBC^ 



Inflammatory cells 
(Logio PMN)* 



VizUale bacteria 
(Logio CFa)5 



2.1 ± 0.3 
10.0 ± 1.3 



2.6 ± 0.9 
5.1 ± 0.2 



6.8 ± 0.1 
7.0 ± 0.1 



^ Each group consisted of 3 rabbits, 6 eyes. 

2 Leukopenia induced by injection of cyclophosphamide (75 mg/kg) followed 24 hours later 
by dexamethasone (4 mg/kg) . 

3 WBC = number of white blood cells (x loVnl) in peripheral blood on the day rabbits were 
sacrificed (3 days after injection of cyclophosphamide) ; group 1 is significantly 
different from group 2 (P<0.0005). _ , ^, ^.^^ 

* PMN = Logio polymorphonuclear leukocytes per cornea; group 1 is significantly different 
from group 2 (P<0.02). . . ^, ^.^^ ^ * 

5 cFU = Logio colony forming units per cornea; group 1 is not significantly different from 
group 2 (P=0. 30) . 



less inflamed, as judged by SLE, than 
eyes of infected nonleukopenic rabbits. 
These results are compatible with 
observations made by other investigators 
studying the relationship between 
leukopenia and ocular inflammation. 
Harrison et al. (36) and Trinkaus-Randall 
et al. (14) induced leukopenia in rabbits 
with nitrogen mustard and noticed a 
dampened inflammatory response in the eye 
when corneas were intrastromally injected 
with pneumolysin and lipopolysaccharide, 
respectively. Nanda et al. (37) reported 
a case of P. aeruginosa corneoscleritis 
in an HIV-infected neutropenic patient 
presenting with minimal symptoms of 
infection. Hazlett et al (38) induced 
leukopenia in outbred Swiss-Webster mice 
with cyclophosphamide and noticed less 
severe corneal histopathology in P. 
aeruginosa- infected leukopenic mice; 
however, the majority of these mice died 
of septicemia. 

In conclusion, the host cellular 
inflammatory response (predominantly an 
influx of PMN) appears to contribute 
significantly to the ocular pathology 
observed in P. aeruginosa keratitis, as 



evidenced by the significantly lower PMN 
numbers and SUB scores of leukopenic 
rabbits. 
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Summary: 



Moxifloxacin was evaluated for its ability to kill Pseudomonas 
aeruginosa and Stapiiylococcus aureus in the rabbit 
intrastromal model of keratitis. Topically applied moxifloxacin 
(0.3%) was shown to be equally active as CILOXAN (0.3% 
ciprofloxacin) in killing P. aeruginosa and S. aureus in the 
cornea. These data are very positive, especially in view of the 
fact that in vitro moxifloxacin is approximately 8 times less 
active than ciprofloxacin against P. aeruginosa. 



APPENDIX D 



0004526599118.003 



051 



TRNo.: 023:38540:0399 
Protocol No.: N/A 



Revision No.: 0 



Alcori 

2 of 3 LABORATORIES 



1. INTRODUCTION 

An in vivo rabbit keratitis model has been developed and utilized by Richard 
O'Callaghan et al. (LSU Medical School) for several years to evaluate and compare 
ophthalmic formulations of anti-bacterial agents and their ability to eradicate 
pathogenic bacteria injected Intrastromally from the cornea (Hobden, J. A. et al., 1993). 

2. METHODS AND MATERIALS 

2.1. Fomnuiations of Moxifloxacin 

Three different concentrations of moxifloxacin were prepared and tested. The 
moxifloxacin vehicle (FID 99916) contained boric acid - 0.155%; sodium 
chloride - 0.85%; disodium EDTA - 0.05%; berizalkonium chloride - 0.006%; 
pH adjusted to 7.5. The FID numbers for the three moxifloxacin formulations 
were FID 99905 - 0.2% moxifloxacin; FID 99906 - 0.3% moxifloxacin; and 
FID 99907 - 0.5% moxifloxacin. 

2.2. Details of Infection Models 

The experimental design of the infection models used have been published 
previously (Hobden, J. A. et al., 1993). 

3. RESULTS AND DISCUSSION 

Three different concentrations of moxifloxacin were evaluated for their ability to kill 
Pseudomonas aeruginosa and Staphylococcus aureus in the rabbit intrastromal model 
of keratitis. In both infection models, conditions of therapy were chosen such that 
ciprofloxacin did not completely sterilize the cornea; therefore, moxifloxacin could be 
evaluated as comparable to ciprofloxacin, more active than ciprofloxacin, or less active 
than ciprofloxacin. 
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Table 1 

Treatment Results From Infected Rabbit Corneas^ 



Treatment Group 


Staphylococcus aureus 


Pseudomonas aeruginosa 


Log CFU at 10 hours 


Log CPU at 20 hours 


SLE scores at 
20 hours 


Untreated 


6.8 ±0.13 


7.4 ±0.07 


11.1 ±0.58= 


Vehicle Control 


6.7 ±0.21 


7.4 ± 0.04 


11.4 + 0.68"= 


Moxifloxacin - 0.2% 


3.8 ± 0.45' 


5.5 ± 0.28" 


11.1 ±0.67' 


Moxifloxacin - 0.3% 


4.1 ±0.23'' 


3.8 ±0.69" 


11.7 ±0.53' 


Moxifloxacin -0.5% 


3.9 ±0.79' 


2.1 ±0.31" 


11.5 ±0.39' 



^CFU not significantly different from each other (P > 0.17), but significantly different from the two 
control treatments (P < 0.0001) 

"CFU significantly different from each other (P < 0.03), as well as the control groups. 
'SLE scores were not significantly different from each other. 



In the case of S. aureus infection, the dosing was a single drop topically 9 hours 
postinfection and corneas harvested at 10 hours postinfection. Significant killing of the S. 
aureus was observed and was comparable to that for CILOXAN (0.3% ciprofloxacin) 
tested under these conditions. 

In the case of P. aeruginosa infection, the dosing was a single topical drop every 
30 minutes from 16 to 19 hours postinfection and corneas harvested at 20 hours 
postinfection. A dose dependent killing was observed: 0.3% moxifloxacin was 
comparable to CILOXAN (0.3% ciprofloxacin) tested under these conditions. 

4. REFERENCES 

1 . Hobden, J. A., Engel, L. S., Callegan, M. C, Hill, J. M., Gebhardt, B. M., 
O'Callaghan, R. J. 1993. Pseudomonas aeruginosa keratitis in leukopenic rabbits. 
Curr. Eye Res. 12:461-467. 

2. Laboratory Notebook 7400:045. 
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INTRODUCTION 



Ophthalmic Infections and Their Anti-infective 
Challenges 

Eduardo Alfonso, MD/ and Julie Crider, PhD^ 

WmrTex^USA ^-^^^i^ »/^»«'»» School of Medicine, Miami. Honda; and 'Alcon Research, Ltd, Fort 

Abstract. This introduction provides an ovemew of the succeeding articles contained within this 
supp ement on the new fourth-generation fluoroquinolone antibiotic product, moxifloxacin ophthalmic 
solution 0.5% (VIGAMOX® Alcon Laboratories, Inc., Fort Worth, TX). Moxifloxacin was developed 
specifically to address the increasing incidence of resistance to earlier-generation antibiotic molecules 
Structural modifications to die moxifloxacin molecule have decreased the likelihood of the development 
of resistant organisms. This antibiotic has been shown to possess greater activity than previous-generation 
molecules against gram-positive bacteria while maintaining excellent potency against gram-negative 
organisms and nontuberculous (atypical) mycobacteria. Moxifloxacin ophthalmic solution 0.5% exhibits 
enhanced bioavailability due to a unique molecular structure that combines high lipophilicity for 
enhanced cornea^ penetration with high aqueous solubility at physiological pH. Numerous studies have 
shown that moxifloxacm ophthalmic solution 0.5% has high potency against a broad range of microbial 
species and a favorable profile in terms of safety and tolerability. The results presented in this supplement 
provide addmonal evidence for the potential benefits of moxifloxacin ophthalmic solution 0.5% in 
surgical prophylaxis and treatment of sight-threatening infections, such as bacterial conjunctivitis, 
endophthalmitis and keratitis. (Surv Ophthalmol 50:S1-S6, 2005. © 2005 Elsevier Inc All riehts ■ 
reserved.) ' ° 

Keywords, antibiotic . anti-infectives • moxifloxacin . penetration . notencv . 
safety . therapy . VIGAMOX® ^ ^ 

Antibiotic Therapy in vitro and animal experiments as well as results 

This supplement provides clinicians with compre- human clinical trials and postmarket studies will 

hensive information regarding a new andbiotic ther- be discussed. These results will provide evidence for 

apy for the prevention and treatment of bacterial the broad udUty of moxifloxacin ophthalmic solution 

ocular infections. The focus of this supplement is the 0.5% in the prevention and treatment of a wide vari- 

new fourth-generation fluoroquinolone antibiotic ety of ocular infections. 

product, moxifloxacin ophthalmic solution 0.5% (Vi- The increasing number of reports concerning 

gamox, Alcon Laboratories, Inc., Fort Worth, TX), ocular bacterial resistance to earlier-generation 

which was recently introduced for the treatment of fluoroquinolones has prompted the development of 

bactenal conjunctivitis. Preclinical study results from more advanced fourth-generation antibiotics ^-^-^ 



© 2005 by Elsevier Inc. 
Its reserved. 
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Moxifloxacin interferes with bacterial deoxyribonu- 
cleic acid gyrase (topoisomerase II) and topo- 
isomerase IV, which are enzymes involved in 
deoxyribonucleic acid replication within the bacte- 
ria.^^ Moxifloxacin is more balanced than earlier- 
generation fluoroquinolones in its inhibition of these 
two enzymes. Therefore, the likelihood of producing 
resistant organisms is diminished considerably, be- 
cause two simultaneous mutations are required to 
establish bacterial resistance. In addition, moxi- 
floxacin possesses a unique bicyclic side chain at the 
G-7 position that inhibits the efflux mechanism of 
the bacterial cell and results in rapid death of the 
target microorganism.^® The advances in the molecu- 
lar structure of moxifloxacin provide it with greater 
potency against gram-positive organisms than was 
seen with earlier-generation fluoroquinolones, while 
maintaining similar activity against gram-negative 
bacteria. The issue of potency and efficacy is covered 
in detail in this supplement in Schlech and Al- 
fonso's article.^^ 

The increasing number of ocular surgical proce- 
dures is associated with an increasing risk for periop- 
erative infection. Recent reports indicate that the 
incidence of bacterial infections after cataract and 
refiractivfe surgery may be rising.^-'^-^* The risk of sur- 
gical complications, such as postoperative endoph- 
thalmitis and keratitis, underscores the need for 
potent new-generation antibiotics for the prevention 
and treatment of these potentially serious ocular 
infections. Recent guidelines by the Medicare Na- 
tional Surgical Infection Prevention Project indicate 
the benefits of preoperative and postoperative antibi- 
otic therapy.'* 

Potency and Efficacy of Moxifloxacin 
Ophthalmic Solution 0.5% 
IN VrmO POTENCY 

The Endophthalmitis Vitrectomy Study demon- 
stratpd that approximately 94% of isolates fi-om 
postoperative endophthalmitis are gram-positive 
bacteria.^" Therefore, a molecule with greater po- 
tency against these pathogenic organisms may 
provide a therapeutic benefit in the prophylaxis of 
bacterial endophthalmitis. Studies using bacterial iso- 
lates have provided useful information regarding the 
potency of moxifloxacin ophthalmic solution 0.5% 
against the target bacteria. Mather and colleagues 
determined the minimum inhibitory concentra- 
tions (MICs) for 93 bacterial endophthalmitis isolates 
for ciprofloxacin, ofloxacin, levofloxacin, gatifloxa- 
cin, and moxifloxacin.^^ Overall, moxifloxacin was 
the most potent fluoroquinolone tested against gram- 
positive bacteria (P = 0.05). Ciprofloxacin, levofloxa- 
cin, gatifloxacin, and moxifloxacin demonstrated 



similar potencies against most gram-negative bacte- 
ria. In studies with bacterial keratitis isolates, Kowalski 
et al also reported that moxifloxacin had lower MICs 
for most gram-positive bacteria than ciprofloxacin, 
ofloxacin, levofloxacin, or gatifloxacin.^^ These 
investigators also reported that all fluoroquino- 
lone-susceptible Pseudomonas aeru^nosa were 100% 
susceptible to the five fluoroquinolones tested. Ali- 
prandis and colleagues showed that moxifloxacin 
ophthalmic solution 0.5% was equivalent to ci- 
profloxacin 0.3% for P. aem^nosain an in wwo animal 
infection model.* 

Mycobacterium chelonae and Mycobacterium fortuitum 
are dhie two most common species of nontuberculous 
mycobacteria found in bacterial keratitis cases.^'^* 
These atypical pathogenic bacteria are being foimd 
with increasing frequency in surgical settings. Moxi- 
floxacin exhibits excellent activity against these or- 
ganisms, with MICgo values of ^1.6 |J.g/mL and ^1.0 
Jlg/mL for M. chelonae BXid M. fortuitum, respectively.^ 
An antibiotic product, such as moxifloxacin ophthal- 
mic solution 0.5%, with a broad-spectrum coverage 
of gram-positive and gram-negative organisms that 
also exhibits potency against atypical mycobacteria 
may be useful for prevention of postoperative 
ocular infections. 

POTENCY AND EFFICACY IN ANIMAL MODELS 

Moxifloxacin ophthalmic solution 0.5% has, for 
the first time to our knowledge, actually demon- 
strated potency and efficacy in the prevention of 
postoperative bacterial endophthalmitis. ^^'^^ Addi- 
tionally, in experimental P. aeruginosa and Serratia 
marcescens rabbit keratitis models, this fluoroquino- 
lone formulation provided significant decreases in 
colony-forming units.^^ Topical moxifloxacin 0.5% 
was equivalent in efficacy to vancomycin 50 mg/mL 
for treating ciprofloxacin-resistant methicillin-resis- 
tant Staphylococcus aureus rabbit keratitis.^ In another 
study by the same investigators, moxifloxacin (0.5%) 
showed an efficacy similar to that of ciprofloxacin 
(0.3%) for the treatment of P. aeruginosa keratitis 
in rabbits. Moxifloxacin treatment also produced a 
5.8-log reduction in colony-forming units per 
cornea in an experimental nontuberculous myco- 
bacterial keratitis rabbit model (Fl). The results of 
these studies suggest a use for moxifloxacin ophthal- 
mic solution 0.5% in various ophthalmic surgical 
settings. 



" Caballero AR, Thibodeaux BA, Dajcs JJ, et al: Effectiveness 
of fluoroquinolone antibiotics for experimental Mycobacterium chel- 
onae keratitis [abstract]. Presented at the 2003 Meeting of the 
Ocular Microbiology and Immunology Group; Anaheim, CA; No- 
vember 15, 2003." 
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SUCCESSFUL TREATMENT OF OCULAR 
INFECTIONS IN HUMAN CLINICAL STUDIES 

Moxifloxacin ophthalmic solution 0.5% was evalu- 
ated in clinical safety and efficacy trials using twice 
a day (b.i.d.) or three times a day (t.i.d.) dosing 
regimens across studies in newborns (neonates), in- 
fants and toddlers, children, adolescents, and adults. 
The clinical trials involved nearly 2,000 patients from 
2 days to 93 years of age. These studies showed that 
moxifloxacin ophthalmic solution 0.5% is a success- 
ful clinical therapy, curing the cardinal clinical 
signs of bacterial conjunctivitis (i.e., bulbar conjuncti- 
val injection and conjunctival discharge/exudate) at 
a rate of up to 94%. The five primary ocular pre ther- 
apy pathogens isolated in the studies were Staphylococ- 
cus epidermidis, S. aureus, Streptococcus pneumoniae, 
Haemophilus influ£nzae, and Chlamydia trachomatis. In 
all of the studies, moxifloxacin ophthalmic solu- 
tion 0.5% was safe for and well tolerated by patients 
of all ages. Moxifloxacin ophthalmic solution 0.5% 
is an effective therapy for bacterial conjunctivitis that 
successfully treats the key signs of the disease while 
effectively eradicating its associated pathogens. (F3) 

Ocular Penetration of Moxifloxacin 
Ophthalmic Solution 0.5% 

For successful control of infections in the eye, a 
topical antibiotic must effectively penetrate the rele- 
vant ocular tissues. The avascular nature of the 
cornea and vitreous, in particular, limits the uptake of 
antibiotics into these tissues.^^ Moxifloxacin ophthal- 
mic solution 0.5% achieves better penetration into 
the cornea and other ocular tissues than other fluor- 
oquinolones.'^'^^ This enhanced bioavailability is due 
to the unique molecular structure of moxifloxacin, 
which combines high lipophilicity for enhanced cor- 
neal penetration with high aqueous solubility at phys- 
iological pH. The latter property creates a high 
concentration gradient at the tear film/ corneal epi- 
thelial interface, providing a driving force for ocular 
penetration. In vitro studies demonstrated higher 
permeability in Madin-Darby canine kidney cells 
for moxifloxacin than for ciprofloxacin, norfloxacin, 
ofloxacin, levofloxacin, lomefloxacin, or gatifloxa- 
cin (F2).^^ This permeability was highly correlated 
with lipophilicity (R^ = 0.92) and corneal permeabil- 
ity (R2 = 0.93), indicating that the Madin-Darby 
canine kidney cell model is an excellent predictor of 
corneal penetration. 



Rusinko A, May J, Liao J, et al: A study of the enhanced 
corneal penetration of moxifloxacin [abstract] . Invest Ophthalmol 
Vis Sci 45:4907, 2004. 

" Alcon Laboratories, Inc; data on file. 



Numerous in vivo studies have been conducted in 
rabbits to evaluate the penetration characteristics of 
moxifloxacin ophthalmic solution 0.5%. In a study 
using excised rabbit corneas, a 3.6-fold higher cor- 
neal permeability coefficient was observed for 
moxifloxacin than for gatifloxacin (F2).^' In addi- 
tion, moxifloxacin transversed the cornea twice as 
fast as gatifloxacin and demonstrated no effect on 
epithelial tight cell junctions. Another study in rab- 
bits showed that moxifloxacin ophthalmic solution 
0.5% was readily absorbed into anterior ocular tissues 
with concentrations of 12.5, 1.8, and 6.3 |ig/g in the 
cornea, aqueous humor, and iris-ciliary body at 30 
minutes, respectively (F4).^' Additional reports 
showed corneal concentrations of moxifloxacin that 
were at least 70&-fold above the MIC for fluoroquino- 
lone-susceptible S. aureus and S. epidermidis and at least 
19-fold higher than the corresponding MIC values 
for fluoroquinolone-resistant strains of these organ- 
isms.^^ In a 4-day multiple-dosing protocol, moxi- 
floxacin ophthalmic solution 0.5% produced peak 
concentrations in aqueous humor, cornea, and vitre- 
ous humor higher than those for either ofloxacin or 
gatifloxacin (F5).^' 

The superior penetration of moxifloxacin ophthal- 
mic solution 0.5% into ocular tissues has been con- 
firmed in studies in himians.^' In one study, patients 
who were dosed with moxifloxacin ophthalmic solu- 
tion 0.5% before undergoing cataract surgery 
achieved maximal aqueous humor concentrations 
that were 25- to 30-fold above the median MIC for 
susceptible 5. aurmis and S. epidermidis isolates from 
clinical cases of endophthalmitis.'^® Patients who were 
scheduled to undergo vitrectomy surgery were dosed 
with moxifloxacin ophthalmic solution 0.5% prophy- 
lactically to evaluate penetration of the antibiotic into 
the aqueous humor." Concentrations that far ex- 
ceeded the MICgo were achieved in the aqueous 
humor for a broad spectrum of pathogens, including 
S. epidermidis, S. aureus, S. pneumoniae, Streptococcus 
pyogenes, Propionibacterium acnes, H. influenzae, Esche- 
richia coll. Bacillus cereus. Neisseria gonorrhoeae, Proteus 
mirabilis, and a number of other organisms. Two 
other clinical studies showed that aqueous humor 
antibiotic concentrations were about two- to four-fold 
higher in cataract patients after topical administra- 
tion of moxifloxacin 0.5% versus gatifloxacin 0.3% 



" Robertson SM, Sanders M, Jasheway D, et al: Penetration and 
distribution of moxifloxacin and ofloxacin into ocular tissues 
and plasma following topical ocular administration to pigmented 
rabbits [abstract]. Invest Ophthalmol Vis Sci 44:1454, 2003. 

^ Robertson SM, Sanders M, Jasheway D, et al: Absorption and 
distribution of moxifloxacin, ofloxacin and gatifloxacin into 
ocular tissues and plasma following topical ocular administration 
to pigmented rabbits [abstract]. Invest Ophthalmol Vis Sci 
45:4906, 2004. 
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^pg^ 18.29 Moxifloxacin, ciprofloxacin, ofloxacin, lev- 
ofloxacin, and gatifloxacin concentrations have also 
been determined in human conjunctiva after a single 
topical administration.^^ The mean moxifloxacin 
tissue concentration was approximately six- to 
seven-fold higher than the corresponding values for 
ciprofloxacin (P = 0.0028). The consistent en- 
hanced penetration of topical moxifloxacin ophthal- 
mic solution 0.5% should provide significant 
therapeutic benefits over other topical ocular 
fluoroquinolones. 

Safely of Moxifloxacin Ophdialmic 
Solution 0.5% 

Moxifloxacin ophthalmic solution 0.5% was shown 
to be well preserved and meets as well as exceeds 
all Food and Drug Administration requirements and 
United States Pharmacopoeia staridards for antimi- 
crobial preservative effectiveness without the need of 
benzalkonium chloride in the product (F7) . S. aureus, 
P. aeni^nosa, E. coli, Candida albicans, and Asper^l- 
lus niger were all reduced to levels below the mini- 
mums required. In addition, moxifloxacin 
ophthalmic solution 0.5% was challenged with addi- 
tional organisms not required by the United States 
Pharmacopoeia to measure the preservative effective- 
ness of the product. Moxifloxacin ophthalmic solu- 
tion 0.5% was effective against the protozoan 
Acanthamoeba, the atypical bacterium Nocardia, and 
the fungus Fusarium. These studies demonstrate that 
moxifloxacin ophdialmic solution 0.5% as a multi- 
dose ophthalmic product can be safely used without 
the fear of microbial contamination. 

Several in t;i<ro studies have demonstrated the safety 
of moxifloxacin ophthalmic solution 0.5%. Yee and 
colleagues compared the efifects of moxifloxacin, lev^ 
ofloxacin, gatifloxacin, and ofloxacin ophthalmic so- 
lutions on human corneal epithelial cells in vitro 
(F8).^' Moxifloxacin exhibited die least amount of 
cytotoxicity of the antibiotics tested. In studies from 
the same report of epithelial healing in chickens after 
PRK, moxifloxacin treatinent resulted in significantiy 
smaller wound sizes than levofloxacin 60 and 66 
hours after surgery (P < 0.05). 



^ McCuUeyJP, Surratt G, Shine W: 4th generation fluoroqui- 
nolone penetration into aqueous humor in humans [abstract]. 
Invest Ophthalmol Vvs. Sci 45:4927, 2004. 

^ Schlech BA, Sutton A, Rosenthal RA, etal: Antimicrobial 
preservative effectiveness of VIGAMOX [abstract]. Invest Oph- 
thalmol Vis Sci 45:4913. 2004. 

''^ Yee RW. Sorour HM, Yee SB, et al: Comparison of relative 
toxicity of four ophthalmic antibiotics using the hiunan cornea 
epithelial cell culture system [abstract] . Invest Ophthalmol Vis Sci 
45:4939, 2004. 



In rabbit studies, lower carboxyfluorescein perme- 
ability was observed with moxifloxacin ophthalmic 
solution 0.5% treatment relative to gatifloxacin oph- 
dialmic solution 0.3% (Zymar®, Allergan, Irvine, CA) 
(F9). Therefore, moxifloxacin ophthalmic solution 
0.5% demonstrated superior maintenance of corneal 
integrity compared with gatifloxacin ophthalmic so- 
lution 0.3%. Using confocal microscopy techniques, 
Jester and colleagues established a correlation be- 
tween corneal epithelial thinning (from superficial 
cells loss) and mild ocular irritation.^^ Confocal mi- 
croscopy studies performed by Kovoor et al in rabbits 
evaluated the effects of five topical antibiotic prod- 
ucts (0.3% ciprofloxacin, 0.3% ofloxacin, 0.5% 
levofloxacin, 0.3% gatifloxacin, and 0.5% moxiflox- 
acin) on the epithelial surface of the cornea. All 
products except moxifloxacin ophthalmic solution 
0.5% contained 0.005% or 0.006% benzalkonium 
chloride. Tears Naturale Free (Alcon Laboratories 
Inc, Fort Worth, TX) was used as a control. The 
data showed that 0.5% moxifloxacin did not cause a 
significant change in corneal epithelial cell layer 
thickness. After 6 days of treatment, all drug-treated 
groups, except moxifloxacin ophthalmic solution 
0.5% and Tears Naturale Free, caused significant 
thinning of the corneal epitheUal layer. In all groups, 
the corneal stromal thickness was similar to baseline. 
Conversely, 0.3% ciprofloxacin, 0.3% ofloxacin, 
0.5% levofloxacin, and 0.3% gatifloxacin caused sig- 
nificant thinning of the corneal epithelial layer after 
7 days of antibiotic treatment. 

A subchronic ophthalmic safety study in cynomol- 
gus monkeys used a dosing regimen of 2 drops, six 
times a day for 16 days, followed by t.i.d. dosing 
for the remainder of the 3-month study. Treatments 
were 0% (vehicle), 0.5%, 1.0%, and 3.0% moxifloxa- 
cin ophthalmic solutions. No significant findings 
were observed for any systemic parameters that were 
measured (FIG) P Indirect ophthalmoscopic and slit- 
lamp biomicroscopic examinations were similar for 
controls and moxifloxacin treated groups. lOP and 
specular microscopy revealed no findings related to 
moxifloxacin treatment. In addition, corneal thick- 
ness, a sensitive indicator of corneal health, was not 
affected by administration of moxifloxacin ophthal- 
mic solution, even at the highest concentrations and 
most extreme regimens. 



^ Owen GR, Dembinska O. Stout KR. Mendiola MK; Corneal 
penetration and change in corneal permeability of moxifloxacin 
versus gatifloxacin [abstract]. Invest Ophthalmol ^Tis Sci 
45:4910. 2004. 

™ Bergamini MVW, Heaton J, McGee D, et al: A three month 
topical ocular toxicity study of moxifloxacin ophthalmic solutions 
in cynomolgus monkeys [abstract]. Invest Ophthalmol Vis Sci 
44:4457, 2003. 
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General-safety pharmacology studies were de- 
signed to profile effects of moxifloxacin hydrochlo- 
ride on all major organ systems. Moxifloxacin 
hydrochloride produced no overt side effects in the 
central nervous systems of test animals (rats and 
mice) at the highest intravenous dose tested (i.e., 30 
mg/kg), which is 1,000-fold higher than the maxi- 
mum daily dose of moxifloxacin ophthalmic solution 
0.5%.^* In conclusion, the safety margin determined 
in all of the safety pharmacology studies provides 
strong support that moxifloxacin hydrochloride ad- 
ministered by the topical ocular route is unlikely to 
promote significant adverse events in human beings. 

Human studies have also confirmed the safety and 
tolerability of moxifloxacin ophthalmic solution 
0.5%. Confocal microscopy experiments reported no 
changes in the number or morphology of corneal 
epithelium and endotheliimi for normal patients 
treated with moxifloxacin ophthalmic solution 0.5% 
four times daily for 3 days (FIl). In cataract surgery 
patients, Katz et al evaluated the ocular absorption 
of moxifloxacin ophthalmic solution 0.5% by measur- 
ing the concentration of moxifloxacin in the aqueous 
humor of patients undergoing cataract surgery.'^ 
The authors also noted that the administration of 
moxifloxacin ophthalmic solution 0.5% before cata- 
ract surgery had no effect on postoperative corneal 
and corijunctival healing. 

Yee and colleagues eraluated the effects of topical 
moxifloxacin 0.5% ophthalmic solution and gati- 
floxacin 0.3% ophthalmic solution on corneal wound 
healing for patients imdergoing bilateral PRK^^ 
These authors concluded that both products were 
safe in PRK Moxifloxacin ophthalmic solution 0.5% 
and gatifloxacin ophthalmic solution 0.3% produced 
statistically identical results with respect to haze, 
visual acuity, and rate of corneal wound healing when 
administered to PRK patients preoperatively and 
postoperatively. 

Durrie and Tratder showed that moxifloxacin oph- 
thalmic solution 0.5% and gatifloxacin ophthalmic 
solution 0.3% were equivalent with respect to all oph- 
thalmologic measures, the quality of vision, and com- 
fort for patients who had undergone laser-assisted 
in situ keratomileusis and laser epithelial keratomi- 
leusis surgery.' In addition, moxifloxacin ophthalmic 
solution 0.5% was shown to be as comfortable as a tear 
substitute in pediatric subjects (F12). In summary. 



" ' Donaldson KE, Marangon FB, Schatz L, et al: Confocal analy^ 
sis of the effects of moxifloxacin on the nonnal human cornea 
[abstract]. Am Soc Cataract Refract Surg, 2004. 

Wagner RS, D'Arienzo PA, Hallas SJ, et al: A comparative 
study in a normal pediatric population of the relative comfort of 
moxifloxacin 0.5% ophthalmic solution versus a tear substitute 
[abstract]. Invest Ophthalmol Vis Sci 45:4936, 2004. 



moxifloxacin ophthalmic solution 0.5% exhibits a 
desirable safety profile that is an important factor in 
the prevention and treatment of bacterial infections 
of an ocular surface that may be compromised to 
various degrees after surgical procedures. 

The Future of Ophthalmic Therapy and 
the Role of Moxifloxacin Ophthahnic 
Solution 0.5% 

Moxifloxacin ophthalmic solution 0.5% represents 
a major advance in the treatment and prevention 
of ocular infections. The increased resistance to the 
earlier-generation fluoroquinolones (primarily from 
human systemic and animal husbandry use) prom- 
pted the development of the new fourth-generation 
molecules, such as moxifloxacin, in moxifloxacin 
ophthalmic solution 0.5%. Moxifloxacin possesses a 
unique molecule structure that provides superior po- 
tency, penetration, and safety. Taken together, these 
strengths make moxifloxacin ophthalmic solution 
0.5% a valuable addition to ophthalmologists' arma- 
mentarium of antibiotics for the prevention and 
treatment of ocular infections. This fourth-genera- 
tion fluoroquinolone is currently approved in the 
USA, Canada and India for the treatment of bacterial 
conjtmctivitis. The results presented in this supple- 
ment provide additional evidence for the potential 
benefits of moxifloxacin ophthalmic solution 0.5% 
in surgical prophylaxis and treatment of sight-threat- 
ening infections such as bacterial conjunctivitis, kera- 
titis, and endophthalmitis. 

Method of Literature Search 

We perforined a literature search for this article 
based on MEDLINE database searches from 1990 to 
2005, using various combinations of the search terms 
ocular infections, ophthalmic infections, ophthalmic antibi- 
otics, fluoroquinolones, Vigamox, Zymar, moxifloxacin, 
gatifloxacin, therapy, and prophylaxis. Relevant English 
journal articles and/or abstracts were selected for 
review. 
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Overview of the Potency of Moxifloxacin 
Ophthalmic Solution 0.5% (VIGAMOX®) 

Bany A. Schlech, PhD,^ and £duardo Alfonso, MD^ 

^Akon B£search, Ltd., Fort Worth, Texas; and ^Bascom Palmer Eye Institute, University of Miami School of Medici 
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Abstract. Antibiotics have been the mainstay of therapy for infectious diseases since their origins in 
the 1940s. As microorganisms changed and resistance developed, more advanced antibiotics were 
ultimately needed to provide adequate coverage and spectrum. By selecting optimal antibiotics and 
dosmg regimens, clinicians can avoid treatment feilures and adverse events and can help prevent 
the emergence of further antibiotic resistance. The fourth-generation ophthalmic fluoroquinolones 
include moxifloxacin (VIGAMOX®, Alcon Laboratories, Inc.. Fort Worth, TX) and gatifloxacin (Zymar, 
Allergan, Irvine, GA), and they are now approved for the treatment of bacterial conjunctivitis. This 
review highUghts four scientific methods that compare and rank antibiotic potencies and predict their 
clinical efficacy and their propensity to develop resistance: 1) in vitro assay for minimum inhibitory 
concentrations, 2) in vivo models for pharmacokinetic and pharamacodynamic properties, 3) 
therapeutic index or inhibitory quotient, and 4) in vitro assay for mutant prevention concentration. 
The fourth-generation ophthalmic fluoroquinolones perform well in these assays. Both antibiotics have 
better in vitro activity against gram-positive bacteria than ciprofloxacin or ofloxacin. Moxifloxacin 
penetrates better into ocular tissues than gatifloxacin and older fluoroquinolones; in vitro activity of 
moxifloxacin and gatifloxacin against gram-negative bacteria is similar to that of older fluoroquinolones. 
Moxifloxacin also has better mutant prevention characteristics tiian otiier fluoroquinolones. These 
findings support the use of die newer fluoroquinolones for the prevention and treatment of serious 
ophdialmic infections (e.g., keratitis, endophthalmitis) caused by susceptible bacteria. (Surv 
Ophthalmol 50:S7-S15, 2005. © 2005 Elsevier Inc. All rights reserved.) 
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Since the 1940s, antibiotics have been the mainstay 
of therapy for infectious diseases. Newer antibiotics 
with different molecular structures were ultimately 
needed to overcome the resistance developed by the 
microorganisms to earlier antimicrobial compounds. 
For ophthalmology, the story is much the same. With 
the emergence of antibiotic-resistant organisms, it is 

S7 
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essential that clinicians prescribe antibiotics and 
dosing regimens that will ejEFectively prevent and treat 
specific sight-threatening ocular infections, such as 
endophthalmitis and keratitis. To do so, they need 
to know which antibiotics are most effective against 
common ocular pathogens. By selecting optimal 
antibiotics and dosing regimens, clinicians can avoid 
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treatment failures and adverse events and can help to 
prevent the emergence of further antibiotic resistance. 

The New Fluoroquinolones 

The fourth-generation ophthalmic fluoroquino- 
lones include moxifloxacin (VIGAMOX®, Alcon Lab- 
oratories, Inc. Fort Worth, TX) and gatifloxacin 
(Zymar®, Allergan, Irvine, CA), and they are now 
approved for the treatment of bacterial corijunctivitis. 
These new fluoroquinolones are being used off-label 
by ophthalmologists to prevent bacterial endoph- 
thalmids in patients undergoing surgery. 
These agents are also commonly being used off-label 
to treat bacterial keratitis.^* These new agents provide 
better coverage against gram-positive organisms and 
atypical mycobacteria than previously available anti- 
biotics; are more potent, especially against resistant 
gram-positive pathogens; and delay the emergence 
of antibiotic-resistant pathogens (Fl).^'^* 

Predicting Fluoroquinolone Efficacy 

We are now seeing the results of a number of 
clinical trials that directly compare the efficacies of the 
new fluoroquinolones to those of older generations of 
drugs for topical ophthalmic use.^^'^^ Such trials guide 
clinicians in evaluating their relative potency and help 
them determine which product to recommend for 
patients. However, there are four scientific methods 
available to clinicians to help them compare and 
rank antibiotic potencies of fluoroquinolones and 
predict their clinical efficacy or their propensity for 
resistance development. 

IN VITRO ASSAY OF MINIMUM INHIBITORY 

CONCENTRATIONS (MICs) 

The MIC involves an in vitro determination of anti- 
biotic potency against specific pathogens by compar- 
ing the inhibitory activity of various concentrations 
of a drug against a known inoculum of bacteria (e.g., 
10^ colony-forming units/mL).* Other in vitro assays 
assess the killing capability of antibiotics against 
particular organisms. For example, Stroman and col- 
leagues (F2) conducted in vitro studies using 
clinical isolates of S. pneumoniae obtained from pa- 
tients with bacterial conjunctivitis. Moxifloxacin 
demonstrated faster kinetics of kill for S. pneumoniae 
than either tobramycin (Tobrex®, Alcon Labora- 
tories, Inc., Fort Worth, TX) gentamicin (Genoptic®, 
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Allergan, Inc., Irvine, CA), or trimethoprim/poly- 
myxin (Polytrim®, Allergan). These in vitro data sug- 
gest that the faster kill provided by moxifloxacin 
prevents the spread of infection and therefore de- 
creases the contagiousness of bacterial corijunctivitis. 

IN VIVO PHARMACOKINETIC AND 
PHARMACODYNAMIC MODELS 

These models evaluate the penetration and distri- 
bution of a drug via one mode of administration into 
ocular tissues. They consider the in vitro MIC of an 
antibiotic with the drug's in vivo pharmacokinetic 
properties to more accurately predict clinical cures.^^ 
For example, Wagner and colleagues determined the 
concentrations of several fluoroquinolones in human 
conjunctival tissue. Twenty minutes following 
instillation of a single dose, the conjunctival tissues 
concentrations (|ig/g) were: moxifloxacin (18.0), 
gatifloxacin (2.54), ofloxacin (1.26), ciprofloxacin 
(2.65) and levofloxacin (2.34). Moxifloxacin dem- 
onstrated significantiy (P < 0.0001) greater penetra- 
tion to the target tissue than did the other 
fluoroquinolones. 

THERAPEUTIC INDEX OR INHIBITORY QUOTIENT 

This index combines MIC data with in vivo concen- 
tration data at the actual site of infection in tissues 
and fluids and is, therefore, potentially the most accu- 
rate predictor of in vivo antibiotic efficacy.^'' Several 
studies have used MICs and pharmacodynamic 
models to compare and contrast the potency of the 
fourth-generation fluoroquinolones with that of ear- 
lier generations.*"-^" 

XiV VimO ASSAY FOR MUTANT PREVENTION 
CONCENTRATION (MPC) 

The MPC is a novel in vitro measurerhent that 
determines the propensity of an antimicrobial com- 
pound to select for antimicrobial-resistant subpopu- 
lations when high-density bacterial inocula (e.g., 
> 1 0^ organisms) are exposed to various drug concen- 
trations. In human infectious diseases, the number 
of organisms present at the site of infection is large 
and may exceed the spontaneotos mutational 
frequency rate, and as such, there may be substan- 
tial resistant subpopulations present in high-density 
cultures. This technology has been applied mosdy to 
the fluoroquinolones and gram-positive organisms. 
Because resistance to fluoroquinolones occurs in a 
stepwise fashion, with a single mutation being a first- 
step resistant mutant and a second mutation repre- 
senting a second-step resistant mutant, the MPC ap- 
proach defines tJie drug concentration required to 
block the growth of organisms containing first-step 
resistance mutations. As such, MPC testing is relevant 
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only with organisms that are determined to be suscep- 
tible to the antimicrobial agent by traditional sus- 
ceptibility testing.^ 

The following discussion is intended to assist oph- 
thalmologists in understanding these four methods 
of evaluating antibiotic potency, interpreting data 
from studies using these methods, and applying study 
results in their clinical practices. 

MIGs and MFCs: Evaluation of In Vitro 
Antimicrobial Potency and Antibiotic 
Resistance Development 

The MIC is an in vitro determination of the lowest 
concentration of a specific antibiotic that inhibits 
the growth of an organism at a defined inoculum 
of bacteria (usually 10^ colony-forming units/mL)."* 
MFCs are another measure of potency and reflect 
on the antibiotic's robustness in preventing mutant or 
resistant strain development.''^^ 

DETERMINING MICs 

The MIC of an antibiotic for a particular strain of 
bacteria is determined by standardized microbiologi- 
cal agar and broth tests. The MIC90 represents the 
antibiotic concentration that inhibits 90% of the iso- 
lates tested and is calculated when there are at least 
10 isolates of a particular microorganism. Likewise, 
the MIC50 represents the antibiotic concentration 
that inhibits 50% of the isolates tested and can be 
calculated when there are at least five isolates. In 
MIC tests, surviving microorganisms are detected by 
their ability to produce visible growth either on a 
series of agar plates (i.e., agar dilution or agar diflEu- 
sion methods) or in microtiter plate wells of broth 
(i.e., microbroth dilution tests). 

Agar Dilution Method 

In the agar dilution method, Petri dishes are filled 
with growth media containing various concentrations 
of antibiotic and solidified with agar. A defined 
amount of test organism is inoculated onto the top 
surface of the solid medium. After incubation, at the 
proper temperature and atmosphere, for approxi- 
mately 18-24 hours, the plates are screened for 
growth. The lowest drug concentration preventing 
growth is the MIC. 

Agar Diffusion Methods 

Two other agar-based tests use agar that does not 
have the antibiotic incorporated into the media. For 
the Kirby-Bauer (disk diffusion) test, an antibiotic 
impregnated paper disk is placed on top of the agar 
that has been inoculated with bacteria. Alternatively, 
a paper strip containing increasing concentrations 



of antibiotic is placed on top of the seeded agar (an 
E test). For both Kirby-Bauer and E tests, the agar 
plates are incubated overnight to allow the bacterial 
inoculum to grow and form a continuous dense film 
of growth on top of the agar, except where growth of 
the bacterial isolate is inhibited by the antibiotic. 
This visible zone of inhibition around the disk is 
measured, and the zone size (Kirby-Bauer) is used 
to estimate the relative susceptibility or resistance 
of the organism to the antibiotic. The E test yields 
an actual MIC. The bacterizil strain is reported as sen- 
sitive, intermediate, or resistant, depending on the 
zone size or the MIC. 

Broth Dilution Methods 

Similar antibiotic dilutions and microorganism 
challenges are performed using microbiological 
broth in test tubes or microtiter plates containing 
various concentrations of antibiotic. Bacterial growth 
or no growth is measured after incubation and MICs 
are determined. 

Semiautomated instruments may also be used to 
determine an organism's susceptibility to an antimi- 
crobial compound. The antibiotic with the lowest 
MIC, MIC90, or MIC50 for a particular bacteria is more 
potent than those antibiotics with higher MICs.^'* 
However, the in vitro MIC data need to be considered 
along with achievable and sustainable drug concen- 
trations at the site of infection (i.e., various pharma- 
cokinetic and pharmacodynamic parameters). The 
true killing potential of an antibiotic can be deter- 
mined in time kill studies, because MICs are a mea- 
sure of inhibition of bacterial growth. Theoretically, 
however, the more potent an antibiotic, the less 
likely the antibiotic will be present at sublethal con- 
centrations and result in partial bacterial killing and, 
thus, possibly induce resistance.^* To ensure the ther- 
apeutic efficacy of an antibiotic in situ, it is necessary 
to maintain its concentration above the MIC. For 
concentration-dependent antibiotics, like moxiflox- 
acin, this desired concentration is usually at least 8- 
10 times the MIC. For concentration-independent or 
time-dependent antibiotics, like vancomycin, it is the 
time above the MIC that is more important. 

ANTIBIOTIC BREAKPOINTS 

The primary function of in vitro antimicrobial sus- 
ceptibility testing in clinical diagnostic laboratories 
is to provide information to clinicians to guide their 
selection of antibiotics for therapy. Antibiotic suscep- 
tibility or MIC testing is used in clinical research to 
determine the in vitro activitj? of new antibiotics and 
to brack the incidence and prevalence of antimicro- 
bial resistance.^^ The data from MIC testing are die 
basis for generating standardized breakpoints (i.e.. 
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cutoff values) that categorize particular organisms as 
susceptible, intermediate, or resistant to specific anti- 
biotics. Although somewhat arbitrary, the MIC 
breakpoints reflect the safe, achievable plasma or 
serum concentrations of antibiotics and have been 
established by the National Committee for Clinical 
Laboratory Standards,^^ Food and Drag Administra- 
tion, European Medicines Evaluation ^ency,^® and 
other groups, such as the International Society of 
Anti-infective Pharmacology. An organism is defined 
as susceptible to an antibiotic if its MIC is below the 
serum breakpoint. Infections caused by tiiat particu- 
lar organism may be effectively treated by standard 
doses of the antibiotic, which typically achieve con- 
centrations many times the MIC value in the 
serum.^'^'^* Organisms demonstrate intermediate 
resistance if the MIC falls between the susceptible and 
resistant breakpoints. Infections caused by tiiese 
pathogens may, in some cases, be effectively treated 
with higher antibiotic doses that achieve higher 
seram and tissue concentrations. Pathogens are con- 
sidered resistant to the antibiotic if the MIC is at or 
above the established breakpoint and if infections 
may not be appropriately treated by even achievable 
concentrations of that antibiotic at that site.^^ For an 
organism isolated firom a particular infection to be 
susceptible to oral formulations of gatifloxacin, lev- 
ofloxacin, moxifloxacin, or ofloxacin, the drag must 
have an MIC of 2 |Xg/mL or less. However, to be 
classified as susceptible to ciprofloxacin, die organ- 
ism must demonstrate a ciprofloxacin MIC of 1 
mL or less. Each genus of organism (e.g.. Staphylococ- 
cus, Streptococcus) may have different breakpoints. The 
antibiotic must be present in die affected tissue at 
concentrations that are usually many times die MIC 
for a particular organism.^'^'^* Again, tiiese antibiotic 
breakpoints were determined based on the concen- 
tration of the antibiotic found in the seram of pa- 
tients on parenteral or oral therapy. Their direct 
relevance to topically applied antibiotics in ophthal- 
mology is uncertain, but tiiey represent references for 
ophthalmologists in using antibiotic preparations in 
their practices. 

Some antibiotics do not have assigned breakpoints 
for every organism. For example, ciprofloxacin 
does not have an assigned breakpoint for Streptococ- 
cus pneumoniae. 

COMPARING THE POTENCaES OF 
FLUOROQUINOLONES 

Two recent studies^"'^* determined MIC values for 
second- (ciprofloxacin and ofloxacin), tiiird- (lev- 
ofloxacin) , and fourdi-generation (moxifloxacin and 
gatifloxacin) fluoroquinolones against endophthal- 
mitis and keratitis isolates and used these values to 
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rank their potencies. Mather et al^* determined the 
median MICs for 93 bacterial endophthalmitis iso- 
lates using the E-test approach. The antibiotic suscep- 
tibiUty of each infectious isolate was determined by 
comparing die MIC of each antibiotic to National 
Committee for Clinical Laboratory Standards for 
each fluoroqmnolone. It should be noted that 
fewer than 10 organisms were tested for some of the 
genera/species reported in this study. This is why 
a median MIC calculation (i.e., MIC50) is the most 
appropriate metiiod for assessing potency in tiiis par- 
ticular study. As previously stated, susceptibiUty to 
ciprofloxacin is indicated by an MIC of 1 \ig/raL 
or less for most organisms, whereas susceptibility to 
gatifloxacin, levofloxacin, moxifloxacin, or ofloxacin 
is indicated by an MIC of 2 Hg/mL or less. The 
results of the study demonstrated that strains of 
Staphylococcus aureus resistant to second-generation 
fluoroquinolones were more susceptible to moxi- 
floxacin than to gatifloxacin and levofloxacin 
(P = 0.01). Based on these MIC determinations, the 
potencies of ciprofloxacin, gatifloxacin, levofloxacin, 
and moxifloxacin were ranked against gram-positive 
and gram-negative bacteria, including strains resis- 
tant to the older fluoroquinolones. 

Compared with the second- and third-generation 
agents, both moxifloxacin and gatifloxacin had supe- 
rior MIC activity against fluoroquinolone-suscepti- 
ble and fluoroquinolone-resistant gram-positive 
bacterial strains isolated from endophdialmitis cases. 
Ciprofloxacin and levofloxacin were equally potent 
against gram-positive bacteria. With the exception 
of two isolates, ciprofloxacin and levofloxacin were 
more potept than ofloxacin. In comparing the median 
MICs for die two fourth-generation agents, moxiflox- 
acin was more potent dian gatifloxacin against fluor- 
oquinolone-resistant and fluoroquinolone-susceptible 
S. aureus as -well as fluoroquinolone-susceptible coagu- 
lase-negative staphylococci. Streptococcus species (in- 
cluding 5. pneumoniae and S. viridans) , and Enterococcus 
species. Moxifloxacin and gatifloxacin were equally 
potent against fluoroquinolone-resistant coagulase- 
negative Staphylococcus and Bacillus species. 

In studies by Kowalski et al.^° and Hwang,'^ both 
median MICs and MICgos of conjunctivitis and kerati- 
tis isolates were determined and the potencies of 
fluoroquinolones were ranked against sensitive and 
resistant gram-positive and gram-negative organisms. 
Moxifloxacin and gatifloxacin demonstrated lower 
MIC90S than ciprofloxacin, levofloxacin, or ofloxacin 
against gram-positive bacteria (MIC ranges of 
0.03-2 ^lg/mL for moxifloxacin/ gatifloxacin vs. 
0.19-32 |Ag/mL for ciprofloxacin/ofloxacin/lev- 
ofloxacin)T^^'^*' Moxifloxacin and gatifloxacin also 
demonstrated better in vitro susceptibiUty for isolates 
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resistant to second- and third-generation fluoroqui- 
nolones and equal susceptibility for gram-negative 
organisms when compared with the older-generation 
agents, with the exception of Pseudomonas aeruginosa. 
When the in vitro activities of the newer-generation 
agents were compared, moxifloxacin demonstrated 
statistically better activity (i.e., lower MIC) than gati- 
floxacin against fluoroquinolone-resistant strains of 
S. aureus, and gatifloxacin demonstrated lower MICs 
against fluoroquinolone-suscepdble isolates of some 
gram-negative bacteria (P. aeruginosa, Moraxella, 
Haemophilus) (F3). A Study by Stroman et al^" de- 
scribed the bacteria isolated from bacterial conjuncti- 
vitis cases in the USA., Europe and India and 
determined the antibiotic susceptibility patterns of 
over 2,300 isolates. They found that resistance to the 
fourth-generation fluoroquinolones was very low 
in all three regions for Staphylococcus epidermidis 
isolates (F4). 

The apparent weakness of these antibiotics against 
P. aeruginosa is controversial. Through traditional in 
vitro susceptibility studies, moxifloxacin has been 
found to be less effective than ciprofloxacin against 
P. aeruginosa?'^'^'^ Nevertheless, Kowalski et al showed 
that, although there are differences in MICs, all flu- 
oroquinolone-susceptible P. aeruginosa were 100% 
susceptible to the five tested.^" Also, in rabbit keratitis 
studies with P. aeruginosa, Aliprandis et al showed that 
moxifloxacin ophthalmic solution 0.5% was equal to 
ciprofloxacin ophthalmic solution 0.3% (the gold 
standard for anti-Pseudomonas activity) In addition, 
Dalhoff generally recognized that ciprofloxacin and 
ofloxacin are highly active against aerobic or faculta- 
tive gram-negative bacilli. These fluoroquinolones 
have concentration-dependent killing rates for gram- 
negative organisms. Earlier fluoroquinolones are not 
as active against gram-positive bacteria as they are 
against gram-negative bacteria. Newer fluoroquino- 
lones, such as moxifloxacin, have enhanced activity 
against gram-positive bacteria but maintain their ac- 
tivity against gram-negative bacteria. 

Fourth-generation fluoroquinolones have a 
broader spectrum of activity because their molecular 
structures differ from those of older fluoroquino- 
lones. The molecular structures of moxifloxacin and 
gatifloxacin have greater binding affinity for and thus 
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inhibit two of the enzymes necessary for bacterial 
deoxyribonucleic acid synthesis (deoxyribonucleic 
acid gyrase [also called topoisomerase II] and topo- 
isomerase IV) in both gram-negative and gram-positive 
microorganisms.^^'^^ The older fluoroquinolones 
adequately inhibit deoxyribonucleic acid gyrase in 
gram-negative organisms but are not as effective as 
fourth-generation agents for inhibiting topoisomerase 
IV in gram-positive organisms.^ The specificity of this 
mechanism has important implications in the develop 
ment of resistance to older fluoroquinolones and in 
ranking the efficacy of newer fluoroquinolones against 
resistant strains. Data from trials in resistant mutant 
species suggest that the newer, fourth-generation flu- 
oroquinolones, such as moxifloxacin and gatifloxacin, 
have a dual-binding mechanism of action, inhibiting 
both deoxyribonucleic acid gyrase and topoisomer- 
ase IV, in gram-positive species. Owing to the rarity 
of double mutations (e.g., 10~^* for fluoroquinolones 
in S. pneumoniae), the preferential use of such 
agents could limit the emergence of fluoroquinolone 
resistance.^ Another indicator of potency, the MPC, 
can be used to measure the propensit)^ of an antibi- 
otic to encourage resistance development and can 
help rank antibiotic potency. Using the MPC ap- 
proach, Blondeau et al found that for clinical isolates 
of 5. pneumoniae, the rank order of antibiotic potenc- 
ies was moxifloxacin > gatifloxacin > levofloxacin, 
and for methicillin susceptible S. aureus, it was 
moxifloxacin > gatifloxacin = levofloxacin.' 

In addition, because of its unique chemical struc- 
ture, moxifloxacin is a poor substrate for the efflux 
pump in S. aureus}'' '^^ The addition of an azabicyclo- 
amine side chain on the moxifloxacin molecule 
makes it more difficult to pump moxifloxacin out of 
the bacterial cell. This means that once moxifloxacin 
gets into the bacteria to do its damage, the bacteria 
has a difficult time pumping out the antibiotic. For 
a bacterium to resist the lethal effects of moxifloxa- 
cin, it must develop more than two mutations or 
changes to prevent disruption of its two key enzymes, 
recognize moxifloxacin as a substrate for its efflux 
mechanism £uid efficiendy pump the antibiotic out 
of the cell. 

LIMITATIONS OF MIC BREAKPOINTS FOR 
OPHTHALMOLOGY 

Although MICs are important in vitro indicators of 
antibiotic activitjr or potency, they dp not necessarily 
predict in vivo antibiotic efficacy. The clinical effi- 
cacy of an antibiotic depends on the MIC of the 
drug relative to the concentration it achieves in target 
tissues.^^ For example, two antibiotics with an MIC 
of 1 |J.g/mL may have different antibacterial effects 
if one has a peak tissue concentration of 2 Hg/ mL 
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and the other a peak tissue concentration of 20 
H-g/mL.^" As such, it is necessary to compare in vitro 
microbiological measurements with various pharma- 
cological parameters to fully understand and rank 
antimicrobial agents and their true potencies. 

Pharmacokinetics and Pharmacodynamics 

For an antibiotic to achieve optimal efficacy, it must 
reach the pathogen in the infected tissue and remain 
there for sufficient time at a concentration required 
for bacterial killing. The pharmacokinetic and phar- 
macodynamic properties of each antibiotic de- 
termine the in wiwo relationship between the drug and 
the pathogen necessary to achieve optimal antibiotic 
efficacy. For ophthalmology, these parameters deter- 
mine how well the antibiotic penetrates ocular tissues 
like the cornea, the conjunctiva, or the aqueous 
humor. 

Pharmacokinetics involves the absorption, distri- 
bution, and elimination of a drug. An antibiotic's 
pharmacokinetic properties include measurements 
of the antibiotic concentrations achieved in a pa- 
tient's serum or, in the case of ophthalmology, in the 
ocular tissues. Several parameters can help do this: 
1) area under the concentration curve, 2) peak con- 
centration achieved in the tissue (Cmax). 3) time to 
maximum concentration in the tissue, 4) elimination 
half-life, and 5) penetration at different sites of infec- 
tion. The area under the concentration of a drug 
is defined as a measure of how much antibiotic 
reaches the target tissue throughout a set period 
(usually 24 hours) and helps estimate the drug's bio- 
availability. When combined with the drug's dosing 
regimen, pharmacokinetic properties determine the 
effective time course of drug concentration into 
ocular tissues. Fluoroquinolones vary in their phar- 
macokinetic properties.^"'^''^^ 

Pharmacodynamics describes the relationship be- 
tween the concentration of a drug over time at 
the site of infection and the pharmacologic and toxi- 
cologic effects of the drug.^^'*^ For antibiotics, phar- 
macodynamic activity depends on the mechanism of 
action against the bacteria (i.e., bacterial inhibition 
or killing) and can be described as being either time- 
or concentration-dependent.^" For time-dependent 
antibiotics, such as vancomycin, p-lactams, and mac- 
rolides, bacterial killing depends on the amount of 
time the drug concentration in the ocular tissues 
exceeds the MIC of the agent. Higher concentra- 
tions of these antibiotics do not kill pathogens more 
rapidly. Therefore, the goal of the dosing regimen 
of time-dependent drugs is to optimize the duration of 
drug exposure. For concentration-dependent agents, 
such as aminoglycosides and fluoroquinolones, 
higher drug concentrations (i.e., above the MIC) may 



result in more rapid and extensive bacterial eradica- 
tion, assuming that the pathogen is sensitive to a given 
antibiotic. The goal of the dosing regimen with these 
antibiotics is to maximize drug concentration in 
the ocular tissues.^'^ Note that the concentration of 
the antibiotic in an ophthalmic formulation (e.g., 
levofloxacin 0.5% or 1.5%) does not affect tiie MIC 
of that antibiotic for a given strain. Nevertheless, in 
these circumstances ophthalmic products with 
higher concentrations of antibiotics offer better as- 
surance that the antibiotic can be present at or above 
the MIC for a longer time. 

In vitro dynamic studies, animal studies, and a few 
human studies have been conducted to determine 
what values for peak:MIC and area under the concen- 
tration24:MlC (or AUIC) are most predictive of clini- 
cal cures for fluoroquinolones. These values could 
be used to compare fluoroquinolones to determine 
which would be the most effective in treating infec- 
tions by a specific organism.^" These models indicate 
that a peak:MIC ratio of 10 or higher optimize rapid 
bacterial killing and prevent regrowth of resistant 
gram-negative bacterial populations. Nevertheless, 
some investigators have considered lower AUIC 
values for moxifloxacin, levofloxacin, and gatifloxa- 
cin sufficient to prevent the development of antibi- 
otic resistance (i.e., greater than 30"'^^'^* or greater 
than 87^^'^^). Animal studies have confirmed the 
findings of these in vitro pharmacodynamic models. 
In these studies, the AUIC showed the best linear 
correlation with efficacy.^ 

Because fluoroquinolones demonstrate concentra- 
tion-dependent killing, a dosing frequency of only 
once or twice daily will attain a high peak:MIC, 
whereas administering doses at higher concentra- 
tions will produce a high AUIC. A fluoroquinolone 
regimen of doses given at higher concentrations and 
infrequent intervals is the most efficacious in terms 
of bacterial killing, eradication time, and reducing 
the selection of resistant bacteria. An AUIC value of 
75 or above for fluoroquinolones, like moxifloxacin, 
indicates that these agents would be effective in eradi- 
cating specific organisms. In contrast, the favorable 
pharmacokinetic profiles, particularly the high area 
under the concentration of ciprofloxacin, ofloxacin, 
and levofloxacin, are not sufficient to overcome their 
high MICs.^'''25,30 

In addition, peak:MIC and AUIC usually measure 
serum concentrations of drugs, not drug concentra- 
tions at the site of infection. Therapeutic efficacy 
depends on the concentration of antibiotics at the 
target site, primarily the concentration of free, or 
unbound, drug. Most fluoroquinolones rapidly pene- 
trate ocular tissues, achieving tissue concentrations 
that are generally higher than those found in plasma. 
Using plasma concentrations as a guide frequentiy 
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underestimates the potential for clinical efficacy in 
ophthamology.^^'^" 



Therapeutic Index 

The therapeutic index, or inhibitory quotient, is 
another pharmacodynamic model used to evaluate 
antibiotic potency. It is based on drug concentra- 
tion at the ultimate site of action, in tissues rather than 
in serum, and this makes this methodology relevant 
to ophthalmology. Higher tissue concentration is a 
significant factor in determining antibiotic efficacy 
and preventing resistance.^^ The therapeutic index 
combines in vitro MIC data with in vivo penetration 
data to compare the clinical efficacy of antibiotics 
(F5) . The therapeutic index is calculated by dividing 
the concentration of a drug (e.g., average peak level) 
that is achievable in the target tissue by the drug's 
MIC for that pathogen. C^ax is used to calculate the 
therapeutic index because the bacterial rate of killing 
is a function of antibiotic concentration.^'' Therefore, 
the ratio of Cmax to MIC and the therapeutic index 
are the same. An adequate therapeutic index is 1 
or higher. Higher values for the therapeutic index 
indicate greater drug potency or efficacy (F5, F6, F8) . 

Ocular Penetration of Fourth-Generation 
Fluoroquinolones 

Moxifloxacin can be expected to achieve higher 
concentrations in the tear film and greater penetra- 
tion into anterior ocular tissues than older fluoro- 
quinolones because it is more soluble at the normal 
physiologic pH of 7.0 at the ocular surface and is 
both lipophilic and hydrophilic. Moxifioxacin is for- 
mulated at a pH of 6.8, and gatifloxacin at a pH of 
6.0. In addition, moxifloxacin is available in a higher 
concentration than gatifloxacin (0.5% vs 0.3%). In 
combination, moxifloxacin achieves higher tissue 
penetration than gatifloxacin. Published data (con- 
centrations achieved by moxifloxacin and gatifloxa- 
cin in intact rabbit corneas) suggest real differences in 
the ocular penetration of these fluoroquinolones (F7, 
F8) A solution of moxifloxacin at 0.3% (i.e., 40% 
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lower or 0.2% less than the commercial formulation) 
achieved high concentrations in rabbit ocular tissues 
within 30 minutes after a single dose: 12.5 |J,g/mL in 
the cornea and 1.8 H-g/mL in the aqueous humor. 
In contrast, gatifloxacin 0.3% achieved concentra- 
tions of 4.5 Hg/mL in the cornea and 0.27 |J.g/mL 
in the aqueous humor at 1 hour after administration 
of a single dose. Moxifloxacin reached almost a three- 
fold higher concentration in the cornea compared 
with gatifloxacin in approximately half the time. 

A recent open-label human pharmacokinetic study 
(F9) measured moxifloxacin penetration into the 
aqueous humor in human adults undergoing cataract 
surgery. The C^ax for patients who received topical 
moxifloxacin preoperatively exceeded the MIC 
values for S. aureus and Staphylococcus epidermidis, sug- 
gesting that moxifloxacin may be an effective prophy- 
lactic antibiotic for endophthalmitis. These findings 
confirmed the rabbit data (F8) , which demonstrated 
that levels up to 1 .84 |ig/ mL of moxifloxacin could be 
achieved in the anterior chamber after topical admin- 
istration. Using the human penetration data and the 
MIC data, the therapeutic index for moxifloxacin 
against S. aureus can be calculated. The Cmax. in the 
aqueous humor is 1.84 |J.g/mL divided by 0.06 p,g/ 
mL, the MIC for S. aureus. Therefore, the therapeutic 
index for moxifloxacin against 5. aureus is 30.7, which 
indicates that topically applied moxifloxacin ophthal- 
mic solution 0.5% achieves therapeutic concentra- 
tions in the aqueous humor, delivering 30 times the 
minimum amount needed to inhibit growth of organ- 
isms, like 5. aureus. Metzler et al recently reported 
an MICgo value of 0.063 jig/mL and an MPCgo value 
of 0.25 |ig/mL against clinical isolates of methicillin- 
susceptible S. aureus?^ Therapeutic indexes for moxi- 
floxacin using these values would be 29.2 and 7.36, 
respectively. As such, not only does moxifloxacin de- 
liver substantially more drug than is necessary to in- 
hibit bacterial growth, but it also delivers substantially 
more drug than required to prevent the selection of 
resistance by the MFC model. 

Limitations of the Therapeutic Index 

Moxifloxacin and gatifloxacin penetrate the ante- 
rior chamber better than the older-generation 
agents. This in turn suggests that the therapeutic 



^ Robertson SM, Sanders M, Jasheway D, et al: Penetration and 
distribution of moxifloxacin and ofloxacin into ocular tissues 
and plasma following topical ocular administration in pigmented 
rabbits (abstract) . Invest Ophthalmol Vis Sci 44 (Suppl) : 1 454, 2003. 

^ Katz HR, Masket S, Lane SS, et al: Human aqueous humor 
penetration pharmacokinetics of moxifloxacin after topical admin- 
istration of moxifloxacin 0.5% ophthalmic solution. Abstract 10, 
presented at meeting of Ocular Microbiology & Immunology 
Group, 2003. 
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indexes of moxifloxacin and gatifloxacin is higher 
than those of older agents. More clinical studies are 
needed to correlate the therapeutic index with clini- 
cal outcomes for specific ocular infections. Because 
the therapeutic index is calculated using the drug 
concentration at the site of infection, it may be a 
better description of antibiotic potency and a more 
reliable method for comparing antibiotics. However, 
a drug's therapeutic index does not account for vari- 
ability in tissue levels, any synergy or antagonism 
among concomitant drugs, or the time it takes for a 
drug to reach peak concentration (F5). 

Mutant Prevention Concentrations 

Blondeau et al' used MFCs to compare antibiotic 
potencies of five fluoroquinolones against Str^to- 
coccus pneumoniae. There was a hierarchy of potency 
based on MFCs and an antibiotic's ability to prevent 
the growth of first-step mutants. Moxifloxacin had 
the lowest MFC and therefore the best activity in 
this investigation. 

Summary 

Studies of endophthalmitis and keratitis isolates 
have shown that fourth-generation fluoroquino- 
lones have MICs against gram-positive organisms 
lower than those against second- and third-genera- 
tion agents. Therefore, they have greater in vitro 
potency against tiiese ocular pathogens. Potency 
against gram-positive organisms is especially im- 
portant because die majority of ocular infections, 
particularly postoperative endophtiialmitis arul kera- 
titis, are caused by gram-positive organisms. *' 

Because pharmacodynamic models, primarily 
peak:MIC and AUIC, consider die in situ concentra- 
tions of antibiotics, they could provide a more accu- 
rate prediction of the clinical efficacy of 
fluoroquinolones than MIC values alone.** However, 
clinical studies have not been conducted using these 
models to specifically evaluate die potency of fourdi- 
generation fluoroquinolones against gram-positive 
ocular infections and to compare those values with 
clinical outcomes. Because the therapeutic index is 
calculated using the drug concentration at tiie site of 
infection as well as die MIC, it is the most reliable 
evaluation of antibiotic potency and die best 
predictor of chnical efficacy among fluoroquinolones 
used to treat ocialar infections. Studies in animals and 
humans correlated die therapeutic index and other 
measures of fluoroquinolone potency with clinical 
outcomes in specific ocular infections. These studies 
have demonstrated excellent achievable concentra- 
tions of moxifloxacin and gatifloxacin in the 
cornea and aqueous humor (F7, F8).^^ These find- 
ings, taken in conjunction with the lower MICs 
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found for both agents, indicate that the newer fluor- 
oquinolones may ultimately improve clinical out- 
comes for patients with serious ophthalmic 
infections, including endophdialmitis and keratitis 
(FIO). 

Method of Literature Search 

We performed an international literature search 
for dais article based on MEDLINE database searches 
from 1990 to 2005, using varying combinations of 
die search terms ocular infections, ophthalmic antibiotics, 
fluoroquinolones, moxifloxacin, potency, therapy, prophy- 
laxis, a-nd future. All relevant journal articles and/or 
abstracts were selected for review. English abstracts 
were used for non-English papers. 
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Abstract. Fluoroquinolones are a class of synthetic antibacterial agents that were approved for ocular 
therapy in 1991 and have become popular therapy for the treatment and prevention of various 
ocular infections. These agents are synthetic, broad-spectrum, rapidly bactericidal, and have good 
penetration into ocular tissues. Their main mechanism of action is the inhibition of bacterial enzymes 
needed for bacterial DNA synthesis. However, antibiotic resistance occurred swifdy to the earlier 
fluoroquinolones and better fluoroquinolones were needed. The fourth-generation fluoroquinolones, 
such as moxifloxacin and gatifloxacin. have enhanced activity against gram-positive bacteria while 
retaining potent activity against most gram-negative bacteria. These fourth-generation fluoroqumolones 
have improved penetration into the anterior chamber and have also demonstrated increased in vivo 
efficacy in several animal models of ocular infections. In addition, topical ophthalmic antibiotic products 
can deliver antibiotic concentrations direcdy to the eye that ar? thousands of times higher than their 
MICs. This article reviews published data describing the in vitro potency of moxifloxacin and its in vivo 
activity for treating and preventing experimental ocular infections. (Surv Ophthalmol 50:S16-S31, 
2005. © 2005 Elsevier Inc. All rights reserved.) 



Keywords, antibiotic activitj' • antibiotic potency • antibiotic resistance • in vitro • 
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Introduction 

Fluoroquinolones are synthetic, broad-spectrum, 
bactericidal antibiotics that were approved for treat- 
ment of ocular infections in 1991. The effectiveness of 
second- and third-generation fluoroquinolones (e.g., 
ofloxacin, ciprofloxacin, levofloxacin) has been offset 
by the emergence of fluoroquinolone-resistant 
organisms. ^^^'^^-'^^ The fourth-generation fluoro- 
quinolones (moxifloxacin and gatifloxacin) show an 
enhanced spectrum of activity against gram-positive 



bacteria and comparable activity to second- and third- 
generation fluoroquinolones (ciprofloxacin and 
levofloxacin) against gram-negative bacteria.'^'"'^^'^^'^^ 
New ocular antibiotic formulations with improved 
potency, such as moxifloxacin ophthalmic solution 
0.5% (VIGAMOX®, Alcon Laboratories, Fort Worth, 
TX) or gatifloxacin ophthalmic solution 0.3% 
(Zymai®, Allergan, Irvine, CA), are currentiy avail- 
able and have been shown to inhibit growth of organ- 
isms resistant to second- and third-generation 
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fluoroquinolones.'^ The purpose of this article is to 
review a) the in vitro activity of moxifloxacin against 
clinical ocular isolates and b) the in wiwo effectiveness 
of moxifloxacin ophthalmic solution 0.5% in treating 
or preventing experimental ocular infections. 

Mechanism of Action 

The fluoroquinolones are potent antibacterial 
agents that target bacterial enzymes necessary for 
DNA synthesis (i.e., replication, transcription, 
repair, and recombination). These important bacte- 
rial enzymes are DNA gyrase and topoisomerase 

jy lO- - - - - - 



' The principal event in the action of the 
fluoroquinolone is the trapping of gyrase or topoiso- 
merase IV on DNA as ternary drug-enzyme-DNA 
complexes.^^'^^-'^^ The fluoroquinolone-enzyme- 
DNA complexes prevent uncoiling and/or separa- 
tion of the replicated strands of DNA, resulting in 
the inhibition of DNA replication and death of the 
bacterium.^"-^^ The breaks in the double-stranded 
DNA result in the death of the replicating cell.^^>^^'"® 
Individual fluoroquinolones target either DNA 
gyrase or topoisomerase IV and in some cases, both. 
The DNA gyrase is the target in organisms, such as 
Mycobacterium tuberculosis, Helicobacter pylori, and Trepo- 
nema pallidum, which represent a group of bacteria 
with genomes that lack a gene encoding topoisomer- 
ase IV. In gram-negative organisms DNA gyrase is 
more sensitive than topoisomerase IV to fluoroqui- 
nolones and is considered to be the primary 
target.^'^^'^^>^''*°'^^''2'^ The target of fluoroquinolones 
for gram-positive organisms is more complex and 
varies based on the individual fluoroquinolone, as 
demonstrated in Table 1 for Staphylococcus aureus and 

TABLE 1 

Inhibitory Activities of Fluoroquinolones Against 
DNA Gyrase and Topoisomerase IV 





DNA 


Topoisomerase 


ICso^ 


Fluoroquinolone 


Gyrase 


IV 


Ratio'' 


From Staphylococci 








Ciprofloxacin 


13.5 


5.76 


0.43 


Ofloxacin 


18.8 


22.8 


1.21 


Levofloxacin 


8.06 


9.81 


1.22 


Moxifloxacin 


3.44 


7.84 


2.28 


From Streptococcus 








Moxifloxacin 


^8.02 (20 \M) 


4.01 (10 \m 


0.5 


Gatifloxacin 


7.5-15.0 


3.6-7.5 


0.5 




(20-40 pM) 


(10-20 ixM) 




Levofloxacin 


28.9 (80 |J,M) 


14.4 (40 jiM) 


0.5 


Ciprofloxacin 


13.25 (40 nM) 


7.6 (20 M-M) 


0.5 



Streptococcus pneumoniae. The gyrase in these organ- 
isms is less sensitive to fluoroquinolones than in 
gram-negative bacteria.^^ The general target in gram- 
positive organisms is topoisomerase rV.^-^"'^''*"' 
85,109,122 ^j^jj enzyme tends to have about the same 
sensitivity in both organisms. The fourth-generation 
fluoroquinolones target both DNA gyrase and topo- 
isomerase iv.i''-33.38,42.ioi 

Mechanisms of Resistance 

Resistance to fluoroquinolones emerged shortly 
after the introduction of the second-generation com- 

i„ 3.46,73 



' From Takei M et al.'"' 
IC50 Ratio: IC50 against topoisomerase IV/IC50 against 
DNA gyrase. 

" Calculated from Yague G et al.'^* 



pounds, ofloxacin and ciprofloxacin.^'*^'^^ Resistance 
to fluoroquinolones requires significant genetic 
changes in one or more of four major bacterial mech- 
anisms: a) enzymes for DNA synthesis, b) gyrase pro- 
tecting proteins, c) cell permeability, or d) drug 
efHux.^^-^^ Also, enzymes that degrade fluoroquino- 
lones have not been reported in bacteria, but have 
been found in fungi. Fluoroquinonolone resis- 
tance develops in a step-wise fashion. Lowered 
susceptibility has been associated with porins that 
regulate intracellular drug concentration or changes 
in proteins that protect target enzymes from attack. 
These changes may occur spontaneously and the mu- 
tants are subsequentiy selected by suboptimal fluor- 
oquinolone therapy. Much of the resistance has 
been caused by the systemic, agricultural, and veti- 
nary use of fluoroquinolones and less as a result of 
topical administration. Wegener and Engberg pro- 
vided an excellent review of the past veterinary use of 
quinolones, and discourage such use to preserve the 
efficacy of quinolones for human use.^ Ciprofloxa- 
cin has been licensed for use in swine and chickens 
in Asia and Latin America. Ofloxacin has been li- 
censed for use in chickens and turkeys in Japan and 
Asia. Topical application of fluoroquinolones tends 
to produce less resistance because the concentration 
of drug introduced to the site of infection is several 
hundred, and often several thousand times, the MIC 
against common organisms. The ability of topical 
antibiotic products for the eye, such as moxifloxacin 
ophthalmic solution 0.5%, to deliver 5,000 fig/ml of 
antibiotic direcdy onto the infected tissue is formida- 
ble. The 5,000 fig/ihl is 10,000 times the MIC of 
0.5 |ig/ml, a common MIC for this antibiotic against 
ocular isolates. 

The following discussion reviews each of four 
m£ijor mechanisms by which organisms become resis- 
tant to a particular antibiotic. 

CHANGES E>f ENZYME TARGETS 

Point mutations in the genes encoding DNA gyrase 
or topoisomerase IV reduce the affinity of the fluor- 
oquinolones to these enzymes.®" DNA gyrase is a com- 
plex of GyrA and GyrB subunits encoded by the gyrA 
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and gyrB genes that introduce supercoiling into DNA 
in a reaction driven by the hydrolysis of ATP. DNA 
gyrase is essential for initiation of DNA replication 
and has a role in elongation by removing positive 
supercoils from DNA as a result of unwinding at 
the replication fork. Topoisomerase IV is also in- 
volved in DNA replication by the decatenation of 
linked daughter chromosome during the end stages 
of replication. Topoisomerase IV is composed of two 
subunits ParC and ParE that are encoded by the 
parC and parE genes, respectively. 

Resistance in gram-negative bacteria occurs typi- 
cally as a result of alterations in DNA gyrase, either 
in the GyrA or GyrB subunit. Mutations in the GyrA 
subunit have a tendency to cluster in the quinolone 
resistance-determining region (QRDR) . QRDR rep- 
resents the region of the gp-A gene, which encodes 
the GyrA subunit that binds to DNA during enzyme 
activation.^^^ Mutations in QRDR are thought to 
cause resistance through decreased drug affinity 
for the altered gyrase-DNA complex.^^" Mutations to 
the GyrB subunit occur less frequendy than muta- 
tions to the GyrA subunit. Whether GyrB mutations 
affect fluoroquinolone binding remains unclear;^^® 
however, alterations in GyrB subunit produce lower 
levels of resistance as compared to GyrA subunit 
mutations.^^ 

Fluoroquinolone resistance in gram-positive or- 
ganisms generally result firom mutations to topoisom- 
erase rV subunits by alterations to the ParC or ParE 
subunits, with mutations in ParC playing a more 
prominent role in resistance.^^'^^ Many fluoroquino- 
lones primarily target topoisomerase IV of S. aureus, 
but the target in 5. pneumoniae varies among the 
fluoroquinolones.^''^^'^"^-^^^ Furthermore, die fourth- 
generation fluoroquinolones were reported to target 
both DNAgyiBse and topoisomerase iv.><''33.S8,4237.89.ioi 
Topoisomerase IV mutations have been studied in 
gram-negative bacteria and are believed to play a 
secondary role in development of resistance as ParC 
or ParE mutations typically confer resistance only 
in the presence of concomitant DNA gyrase 
mutations. ^''^^ 

Genetic studies have shown that DNA gyrase is the 
primary target of quinolones in Escherichia coli In 
genetic studies, single mutations in either GyrA or 
GyrB subunits of DNA gyrase conferred first-step and 
subsequent incremental drug resistance.^* Addi- 
tional studies demonstrated that topoisomerase IV 
is a secondary drug target in E. coli^ Genetic studies 
with S. aureus showed that first-step drug resistance 
was found in the mutants with point mutations to 
the ParC or ParE subunits of topoisomerase IV, indi- 
cating topoisomerase IV is the primary target of most 
quinolones.'®'®^'*"^ The genetic data are not as 
straightforward for other species, however, there 



does appear to be a pattern that shows DNA gyrase is 
the primary quinolone target in gram-negative bacte- 
ria and that topoisomerase IV is the primary drug 
target in gram-positive bacteria.^^ 

PRODUCTION OF GYRASE PROTECTION PROTEIN 

All of the genetic loci and mutations that confer 
resistance to fluoroquinolones are chromosomally 
mediated with the exception of a plasmid-mediated 
gyrase-protecting protein recentiy described in Kleb- 
siella pneumoniae? '^^ The plasmid found primarily in 
gram-negative organisms contains the qnr (quinolone 
resistance) locus that confers resistance by encoding 
a 218-amino acid protein that protects DNA gyrase 
from the fluoroquinolones.^^^ The frequency of clini- 
cal isolates containing the qnr determinant is 
unknown.^^ 

DECREASING CELL PERMEABILITY 

In order for fluoroquinolones to access their tar- 
gets in the cytoplasm, they must traverse the cell wall 
and cytoplasmic membrane of all bacteria and the 
outer membrane of gram-negative organisms. The 
cell wall of gram-positive organisms is believed not 
to be a barrier to difEiision of fluoroquinolones and 
other small molecules of 300-400 Da. Porins in the 
outer membrane are responsible for regulating drug 
difiusion. However, in gram-negative organisms, 
decreased levels of porins in the outer membrance 
reduce the accumulation of fluoroquinolone in the 
cytoplasm.^^'^^ 

EFFECTIVE EFFLUX PUMPS 

The bacteria's efflux pump mechanism contri- 
butes to bacterial resistance by preventing lethal 
levels of fluoroquinolone from accumulating in the 
cytoplasm.^^ The efflux pump is a mechanism that 
expels the fluoroquinolone across the cell membrane 
and out of the cell, thereby reducing the intracellular 
concentration to sublethal levels.^'''^^ The action of 
the efflux pump is dependent on the ability of fluor- 
oquinolones to bind to the bacterial efflux protein 
which expells it from the cell. Some fluoroquino- 
lones, particularly moxifloxacin, are less affected by 
bacterial effltix mechainisms due to their bulky side- 
chain moiety at position 7 that hinders its export out 
of thecell.^1 

CONCLUSION 

Mutations that confer resistance to second- and 
third-generation quinolones also lower susceptibility 
to fourth-generations quinolones. An isolate with 
reduced susceptibility to one fluoroquinolone will 
be less susceptible to all fluoroquinolones; however, 
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the reduced susceptibility may or may not be above 
the breakpoint definition of resistance. Gram-posi- 
tive bacteria are less likely to be resistant to the fourth- 
generation fluoroquinolones due to their enhanced 
potency. The second- and third-generation fluoro- 
quinolones can select for mutations to either DNA 
gyrase or topoisomerase IV and produce a situation 
where bacteria will need only one additional muta- 
tion to become resistant to the fourth-generation 
fluoroquinolones. The preferential use of the fourth- 
generation fluoroquinolones for gram-positive 
ocular infections may delay the emergence of resis- 
tant isolates. Bacteria are less likely to develop re- 
sistance to the fourth-generation fluoroquinolones 
than the second-generation due to the dual targeting. 

In Vitro Potency 

IN VrmO SUSCaEPTTOILITY OF BACTERIA 
RECOVERED FROM OCULAR INFECTIONS 

Moxifloxacin has been shown to possess potent 
in vitro activity against a wide spectrum of bacteria and 
is more active against Staphylococcus and Streptococcus 
species than previous generation fluoroquino- 
lones.'-*'-*^'^* Table 2 (gram-positives), 3 (gram- 
negatives), and 4 (atypicals) present a comparison 
of intrinsic susceptibilities to fluoroquinolones for 
bacterial species routinely encountered in ocular 
infections. Intrinsic susceptibility to an antibiotic is 
typified by the median (50%) minimal inhibitory con- 
centration of the organisms tested (MIC50), unless 
more than 50% of the isolates of the specific spe- 
cies have acquired resistance to the antibiotic. Intrin- 
sic susceptibility to a specific antibiotic for a particular 
species is the same regardless from where the isolates 
are recovered (i.e., geographical areas or sites of in- 
fection) . This allows comparisons of fluoroquinolone 
susceptibilities of bacteria from different sites of 
infection. 

Several studies have compared the activity of moxi- 
floxacin and other fluoroquinolones against clinical 
bacterial isolates from ocular and nonocular 
sites.'''2.«.«.54,67.i08 -p^iji^ 2, 3, and 4 show compara- 
tive in vitro data, which generally demonstrate that 
moxifloxacin is more active than the earlier genera- 
tion fluoroquinolones (ciprofloxacin, ofloxacin, and 
levofloxacin), especially against staphylococci, strep- 
tococci, and a variety of atypical organisms. Based 
on their reported MICs against atypical mycobacteria, 
like Mycobacterium chelonae, M. kansasii, and M. fortu- 
itum, moxifloxacin and gatifloxacin exhibit more fa- 
vorable in vitro susceptibility results than do 
ciprofloxacin, levofloxacin, and ofloxacin (Table 
4) 1,2,44,96.100 Moxifloxacin has been shown to be 
slightly more active than gatifloxacin against staphy- 
lococci and streptococci.'"*^ 



FREQUENCY AND SIGNIFICANCE OF RESISTANT 
ISOLATES IN OCULAR INFECTIONS 

After the introduction of ciprofloxacin into medi- 
cal practice in 1985-1987, reports of ciprofloxacin 
resistance in Staphylococcus appeared almost immedi- 
ately (widiin a year).^*-^^ The emergence of 
ciprofloxacin resistance, especially in MRSA strains, in 
hospitals caused concern for the future usefulness of 
fluoroquinolones for treating S. aureus infec- 
tions.2^'^^-^^''*'^2''°^ Apparentiy, the tiremendous 
amounts of fluoroquinolones used around the world 
and its inappropriate use in the past two decades has 
diminished the initial effectiveness due to the rapid 
emergence of fluoroquinolone-resistant strains. 
By the time ciprofloxacin ophthalmic solution 0.3% 
(Qloxan®, Alcon Laboratories, Fort Worth, TX) was 
introduced to the American market in 1991, die flu- 
oroquinolone resistance rate in S. owrmj isolates from 
systemic infections was already 11%®^ and 14% in 
ocular infections.* Furthermore, retirospective stud- 
ies of clinical keratitis isolates found the resistance 
rate of S. aureushad increased to 28-35% by iggS.^'**^ 
Ciprofloxacin resistance was reported for 
gram-positive organisms; however, resistance is less 
common in gram-negative organisms.*^'^^-^'" 

There are two primary approaches to define antibi- 
otic resistance. The first approach is the breakpoint 
MIC method. The National Committee for Clinical 
Laboratory Standards (NCCLS) has defined MIC 
breakpoints for many antibiotics used to treat infec- 
tions, especially blood borne, urinary tract, and res- 
piratory ti:act infections (Fl, F2). Breakpoint 
susceptibility testing uses designated antibiotic con- 
centrations necessary to differentiate between the 
interpretive categories of "susceptible," "intermedi- 
ate," or "resistant," rather than a range of .five or 
more doubling-dilution concentrations used to de- 
termine MICs.™ A specific breakpoint MIC is defined 
for each antibiotic, above which if the isolate survives 
and grows it is considered to be resistant to that 
antibiotic. The MIC breakpoint usually is predictive 
of clinical efficacy for systemic therapy because it 
is set with the antibiotic's specific pharmacokinetic 
parameters in view. Resistant isolates would likely fail 
systemic therapy. The second approach is the ac- 
quired resistance approach. This approach recog- 
nizes the intrinsic susceptibility of a particular species 



^' Clinical and Laboratory Standards Institute (CLSI). Perfor- 
mance Standards for Antimicrobial Susceptibility Testing; MIOO- 
S15, Fifteenth Informational Supplement. Wayne PA: Jan 2005. 

^ National Committee for Clinical Laboratory Standards. Per- 
formance Standards for Antimicrobial Susceptibility Testing; 
Twelfth Informational Supplement Wayne, PA: NCCLS, 2002. 
Document M100^12, 2002. 
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Bacterial Species 



Moxifloxacin Gatifloxacin Levofloxacin Ciprofloxacin 



Staphylococci 



Staphylococcus epidermidis 
Staphylococcus haemolyticus 
Staphylococcus saprophyticus 



Staphylococcus homnis 

Staphylococcus simulans 

Staphylococcus pasteuri 

Staphylococcus wameri 
Streptococci and Enterococci 

Streptococcus pneumoniae 

Streptococcus mitis 

Streptococcus, viridans group 

Streptococcus pyogenes 

Enterococcus faecalis 
Micrococci 

Micrococcus luteus 

Kocuria spp. 
Bacilli 

Bacillus cereus 

Bacillus pumilus 

Bacillus subtilis 
Coryneforms 

Cmynebacterium accolens 
Cmynebacterium viacffnUyi 
Corynebacterium propinquium 



O.OS^''-'^ 

QQga.b,c.d 
0.06^'" 

0.03% 0.13' 
0.13= 

0.03*, 0.06= 

0.03* 

0.06' 

0.03% 0.06' 

0.06', 0.1 S'* 
0.13' 
0.13'''' 
0.13', 0.25' 
0.19^ " " 

0.50' 
0.25' 

O.OQ"-', 0.13' 

0.13' 

0.016' 



0.25' 



0.06*, 0.094'' 

Q;^3a,b,d 

0.13^ 
0.06* 

0.13* 
0.06* 

0.13* 

0.22", 0.25* 



0.25" 
LZD- 0.25^ 
0.25*-' 0.38''-'', 0.50* 



o.og"-' 



Cmyneoaaenum yiuyirufu,tu,iif ^ 

Cmynebacterium pseudodiphtheritUum 0.25 



0.13*, 0.19" 


0.25*'', 0.38" 


O.igW 0.50* 


0.22"-'', 0.25'. 0.50* 


0.50* ' 


0.50*-' 


0.25* 


0.25*, 0.50' 




0.25' 


0.50* 


0.13', 0.50* 


0.25* 


0.25* 




0.25' 


0 25* 


0.25*-' 


0.75^, 1.0* 


0.50', 0.75", 1.0* 




2.0' 


0.75" 


1.0", 2.0' 


1.0* 


0.50', 1.0* 


0.75"''', 1.0* 


0.75"''', 1.0*' 




1.0' 




1.0' 


0.13"-'= 


0.13"''-' 


0.13' 




0.13' 




0.06' 




0.03' 




0.25' 




0.25' 



0.50"'' 

CSO"'''"* 

0.50' 

1.0' 

0.50' 

0.25' 

0.50' 
0.50' 

1.0', 2.0' 

2.0' 

2.0"-' 



2.0' 
2.0' 



0.25', 0.38"'' 

0.13' 

0.13' 



* Published data from Bauernfeind et al. ^ 

" Published data from Kowalski et af and Mather et al. 

= Unpublished data from Alcon. ^ j^fM^ 

0 Cozgvi\2.st-ncg2ime Staphylococcus rather than Staphylococcus eptdemuhs. 

' Enterococcus spp. rather than Enterococcus faecahs. 

f Bacillus spp. rather than BacOlus cereus. 



to an antibiotic and considers any isolate with a 4- to 
16-foId increase in MIC above the intrinsic suscepti- 
bility to have acquired resistance. There is no implied 
relationship between isolates defined as resistant by 
this method and clinical outcome. This method is 
appropriate when attempting to define genetic 
changes that confer resistant phenotypes. 

Two terms, "MIC90" and "% resistant" are usefiil m 
expressing the prevalence of resistant isolates within 
a group of isolates of a particular species to a specific 
antibiotic. If less than 10% of the isolates are resistant, 
the MIC90 will be similar to the MIC50. If 10-49% of tiie 
isolates witiiin tiie group are resistant, the MIC90 will 
be higher tiian tiie MIG50. If more tiian 50% of die 
isolates are resistant, tiie MIC50 wiU be higher as well. 
Therefore, the number or firequency of isolates of a 
particular species tiiat are resistant cannot be derived 
from tiie MIC90, but ratiier must be calculated di- 
recdy as a percentage of die total number of isolates 
of the specific species tested. 



The frequency of encountering fluoroquinolone- 
resistant isolates prior to therapy has increased 
during the last 15 years in several important species 
recovered from healtiiy ocular surfaces as well as from 
ocular infection.^->^-i«-^«'^'-^«-"''^'"*'"^ Most of these 
reports define resistance as any isolate widi a ci- 
profloxacin MIC of 2.0 Rg/ml or greater. The resis- 
tance breakpoint for ofloxacin is 1.0 [Lg/ml The 
current NCCLS resistant breakpoints (Fl) for moxi- 
floxacin are established for Staphylococcus species as 
greater than or equal to 2.0 \lg/m\ and for Streptococ- 
cus pneumoniae as greater tiian or equal to 4.0 \lg/ml 
There are no resistant breakpoints for moxifloxacin 
for any otiier bacterial species. There is still debate 
about tiieir relevance. 

Significant geographical differences in tiie fre- 
quencies of resistant isolates have been reported in 
ocular Mecnons.'''''''-''-''-'' Particularly important 
is tiie fepid emergence of fluoroquinolone- and 
metfiicillin-resistant Staphylococcus aureus (MRSA) m 
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TABLES 

Susceptibility of OrawrNegdtioe Species to Eve Rvmoquinohnes 



MIC50 ((Xg/ml) 



Bacterial Species 




Moxifloxacin 


Gatifloxacin 


Levofloxacin 


Ciprofloxacin 


Ofloxacin 


Enterobactericeae 














Aeromonas caviae 


0.13'= 






0.03' 




0.06' 


Citrobacter koseri 


0.03'= 






0.008' 




0;06' 


Enterobacter aerogenes 


0.06^ 0.25"= 


0.06* 


0.06* 


0.03*. 


0.13' 


0.25' 


Enterobacter cloacae 


0.03^ 0.13'= 


0.016* 


0.03* 


0.016' 


0.13' 


0.25' 


Enterobacter hormaechei 


0.13' 






0.03' 




0.13' 


Escherichia coli 


0.008*, 0.06*= 


0.008* 


0.016* 


0.008= 


0.03' 


0,13' 


Klebsiella oxytoca 


0.03*, 0.25*= 


0.016* 


0.03* 


0.016' 


', 0.03' 


0.13' 


Klebsietta pneumoniae 


0.03*, 0.13"= 


0.03* 


0.03* 


0.016' 


0.06' 


0.25' 


MorganeUa morganii 


0.06*, 0.50' 


0.06* 


0.03* 


0.016= 


0.06' 


0.50' 


Pantoea agglomerans 


0.03^ 0.06' 


0.016* 


0.03* 


0.016= 


0.03' 


0.13' 


Proteus ndrabilis 


0.06*, 0.50' 


0.13* 


0.03* 


0.016= 


0.03' 


0.25' 


Serratia marcescens 


0.25*■^ 0.50' 


O.IQ*", 0.25*-'' 


0.25* 


0.064' 


0.13*-' 


0.50'''' 


Nonfermentative 














Achromobacter xyhsoxidans 


2.0', 4.0* 


8.0* 


8.0* 


2.0', 4.0* 


2.0' 


Acinetobacter baumannii 


0.03*, 0.13' 


0.06* 


0.06* 


0.13*, 


0.25' 


0.25' 


Acinetobacter calcoaceticus 


0.016*, 0.06' 


0.016* 


0.06* 


0.13*, 


0.25' 


0.25' 


Acinetobacter johnsonii 


0.016*, 0.13' 


0.016* 


0.06* 


0.06*, 


0.25' 


0.50' 


Acinetobacter junii 


0.06' 






0.25' 




0.25' 


Acinetobacter genospecies 3 


0.016*, 0.06' 


0.016* 


0.06* 


0.13*, 


0.25' 


0.25' 


Chryseobacterium indologenes 


0.25' 






1.0' 




1.0' 


Chiyseomonas luteola 


0.13' 






0.03' 






. Stenotrophoimnas mdltophilia 


0.13*, 1.0' 


0.25* 


0.25* 


0.50*, 


4.0' 


4!o' 


Pseudomonads 














Pseudomonas aeruginosa 


0.50^ 2.0', 4.0* 


0.25^ 4.0* 


o.38^ 2.0* 


0.094*= 


', 0.25', 0.50* 


0.75^ 2.0' 


Pseudomonas arzyihabitans 


0.13' 






0.03' 




0.13' 


Pseudomonas stutzeri 


0.25*-' 


0.13* 


0.13* 


0.03*'' 




0.13' 


Others 














Haemophilus influenzae 


0.016*, 0.03', O-OSg*"'' 


' 0.008*, O.OIV''-'' 


0.024''-'*, 0.03* 


0.008* 


■', 0.014''''' 


0.03', 0.05''''' 


Moraxella catarrhalis 


0.03*, 0.047''■^ 0.06' 


0.03*-'''' 


0.016*, 0.047'' ' 


0.016* 


, 0.032'''''' 


0.13'''''' 


Moraxella oshensis 


0.13' 






0.13' 


0.25' 


Neisseria perflava 


0.03' 






0.008' 




0.03' 



* Published data from Bauernfeind at al.' 

^ Published data from Kowalski et al.®' 

' Unpublished data from Alcon. 

^ Haemophilus spp. rather than Haemophilus influenzae. 

' Moraxetta spp. rather than Moraxella catarrhalis. 



hospital settings. With the recent market introduc- 
tion of the fourth-generation fluoroquinolones 
(moxifloxacin and gatifloxacin) it is important to 
note that isolates resistant to second- and third-gener- 
ation fluoroquinolones have decreased susceptibility 
to fourth-generation fluoroquinolones as well (Table 
5). Ciprofloxacin-resistant isolates can be divided 
into two groups, those with moderate levels of resis- 
tance (2 to 8 |xg/ml) and those with high-level re- 
sistance (16 M-g/ml or higher) . Very few isolates with 
moderate levels of resistance to ciprofloxacin were, in 
fact, resistant to fourth-generation fluoroquinolones. 
However, isolates that had a high-level resistance to 
ciprofloxacin were also classified as resistant to 
moxifloxacin. Table 6 presents recent data for ocular 
S. aureus and S. epidermidis isolates recovered from 



conjunctivitis from three different parts of the world. 
Based on the MICgos for moxifloxacin and ciproflox- 
acin, the 979 strains of Staphylococcus aureus and 
S. epidermidis are clearly more susceptible to moxi- 
floxacin than ciprofloxacin throughout the three re- 
gions. Seppala etal reported in vitro resistance to 
moxifloxacin in up to 2.2% of Streptococcus viridans 
isolates from the normal flora of patients prior to 
cataract surgery.'"^ 

In spite of the increase in the number of fluoro- 
quinolone-resistant pathogens recovered from ocular 
infections, there have not been reports of a corres- 
ponding increase in the number of treatment failures. 
In fact, it was recognized by NCCLS that its resistance 
breakpoint definition has no predictive value of 
topical therapy success or failure (F2). 



S22 Surv Ophthalmol 50 (Suppl 1) November 2005 



STROMANETAL 



Susceptibility of Selected Atypical and Anaerobic Species to Eve Fltcoroquinolones 



Bacterial Species 






MICso (|ig/ml) 






Moxifloxacin 


Gatifloxacin 


Levoiloxacin 


GiprofloxEcin. 


Ofloxacin 


Atypicals 












Mycobacterium avium 


3.2^ 


6.4* 








Mycobacterium marinum 


0.4* 


0.4* 








Mycobacterium chelonae 


1.6^ 8.0'' 


1.6*, 8.0'' 


32'' 


16'' 




Mycobacterium abcessus 


8.0'' 










Mycobacterium fortuitum group 


0.06'' 


o!l2'' 


0.25'' 


0.25'' 




Mycobacterium kansasii 


0.06'' 




0.12"* 




Chlamydia trachomatis 


0.03"^ 




0.25'= 


1.0' 


1.0' 


Anaerobes 










Propionibacterium acnes 


0.25' 




0.50' 


0.50' 


0.50' 


Bacteroides fragilis 


0.25"= 




1.0' 


4.0' 


2.0' 


Clostridium perfringens 


0.50= 




0.50' 


1.0' 


1.0' 


Peptostreptococcus spp. 


0.25"= 




0.50' 


0.50' 


1.0' 



* Published data from Saito et al.*^ 
*" Published data from Yang et al.'^* 
' Published data from Fung-Tome et al.*' 
^ Published data from Alcaide et al.^ 



Comparative Quinolone-JResistance in Ocular Isolates of Staphylococcus specie^ 

Moxifloxacin Ciprofloxacin 



Bacterial Species Resistance Level n MIC Range MIC50 MIC90 MIC Range MIC50 MIC90 



5. aureus 


Moderate 


20 


0.016-2.0 


0.13 


2.0 


2.0-8.0 


2.0 


8.0 




High 


50 


2.0->32 


4.0 


8.0 


16->128 


128 


>128 


S. eptdermidis 


Moderate 


83 


0.0&-1.0 


1.0 


1.0 


2.0-8.0 


4.0 


8.0 




High 


48 


0.50->32 


2.0 


32 


16-128 


64 


64 


S. haemolyticus 


Moderate 


26 


0.13-1.0 


1.0 


1.0 


2.0-8.0 


2.0 


4.0 




High 


13 


1.0-8.0 


2.0 


4.0 


16->128 


16 


al28 



* Unpublished data from Alcon. 



Geographic Differences in Ruoroquinolone SusceptibilUy in Staphy lococcus Isolates Recovered from Conjunctivitis 
Moxifloxacin Ciprofloxacin 



Bacterial Species* Region n MIC Range MIC50 MIC90 MIC Range MIC50 MIC90 



S. aureu^ 


USA 


96 


0.016-8.0 


0.03 


4.0 


0.13->128 


0.25 


64 


Europe 


146 


0.016-4.0 


0.06 


0.13 


a.l3->128 


0.25 


1.0 




India 


59 


0.016-2.0 


0.03 


1.0 


0.13-32 


0.25 


2.0 




USA 


335 


0.03->32 


0.06 


0.25 


0.06-128 


0.25 


1.0 


•S. eptdermidis 


Europe 


216 


0.03-32 


0.06 


0.13 


0.06-64 


0.25 


0.50 




India 


127 


0.03-2.0 


0.06 


0.50 


0.13-64 


0.25 


4.0 




Total 


979 















* Unpublished data from Alcon (F3). 
Includes MRSA and MSSA. 



Topically administered moxifloxacin ophthalmic 
solution 0.5% delivers high concentrations (i.e.. 



^ Stroman DW, Mendoza B, Sukplang P, et al: Kinetics of Kill- 
ing of Ocular Isolates of Staphylococcus aureus and Staphylococcus 
eptdermidis by Moxifloxacin. ARVO abstract #1463, 2003. 



5,000 Hg/ml) direcdy to the bacteria in superficial 
ocular infections. This concentration is 1,000 to 2,000 
times that needed to inhibit growth of isolates classi- 
fied as resistant in vitro. If the site of the ocular infec- 
tion is deepei; into the eye, the concentration of 
any topical antibiotic penetrating beyond the corneal 
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surface and into intraocular sites over time becomes 
critical. It may, in fact, be insufficient to inhibit the 
growth of a resistant organism in the posterior aspects 
of the eye. 

MUTANT PREVENTION CONCaENTRATION 

A major concern with the use of any antibacterial 
agent is to what extent the use of the agent causes 
resistant strains to emerge. Although MICs give infor- 
mation about a specific antibiotic concentration that 
inhibits the growth of a bacterial strain, it does 
not distinguish between the bactericidal or bacterio- 
static effects. A new term has been recendy defined 
for fluoroquinolones is called mutant prevention 
concentration (MPC).^^-^^ 

Drlica reviewed this concept and proposed a 
"mutant selection window" which is an antimicrobial 
concentration range extending from the minimal in- 
hibitory concentration required to block the growth 
of wild-type bacteria up to that required to inhibit 
the growth of the least susceptible, single-step 
mutant.^" The upper boundary is die MPC. The MPC 
is often equivalent Xo the MIC of the most resistant 
mutant of a heterogeneous bacterial population. In 
general, the MPC will be 8 to 10-fold higher than die 
MIC for a reasonably susceptible isolate. An im- 
portant technical difference between the two ap- 
proaches is that MIC testing challenges the antibiotic 
with 10^ colony forming units (CFUs), whereas MPC 
testing generally uses 10^° CFUs. The range of con- 
centirations between MIC and MPC is defined as the 
mutant selection window.^^'^^' Considerable eJBForts 
are being made to define the relationship between 
pharmacodynamic properties of the antibacterial 
agent and the mutant-selection window.^'^^ The 
length of time to maintain the antibacterial agent 
concentration above the MPC at the site of infection 
and its impact on emergence of resistant strains has 
yet to be clinically established. The MPC is an im- 
portant concept in preventing the growth of organ- 
isms that have some level of drug resistance prior 
to therapy. The concentration of antibiotic must be 
maintained above the MPC to resist the selection 
of mutants that would give rise to a population of 
organisms that are. not susceptible to the antibiotic. 

KINETICS OF KILL TESTING 

Kinetics of kill studies are in vitro tests that assess 
the rate of killing by a particular antibiotic of specific 
bacterial isolates. For technical reasons, testing is 
almost always performed at a constant concentration 
of antibiotic throughout the entire time of exposure 
of drug to the logarithmically growing bacteria. This 
in vitro assay has been useful in distinguishing the 



bacteriostatic and bactericidal effects of many antibi- 
otics. Kinetics of kill studies have been performed 
with antibiotic concentrations equal to multiples of 
tiie MIC; for example, 2X MIC, 4X MIC, 8X MIC, 
lOX MIC, and so forth. Moxifloxacin is rapidly bacte- 
ricidal in such studies. Another testing approach 
uses dilutions of antibiotic products. For example, in 
superficial infections such as conjunctivitis, testing 
has been performed at 1:10 and 1:100 dilutions of 
the product to represent the tear film concentrations 
at 10 and 30 minutes after topical dosing. 

Staphylococci represent the most frequentiy iso- 
lated group of bacteria from superficial ocular infec- 
tions (e.g., conjunctivitis and blepharitis), deeper 
ocular infectioris (e.g., endophthalmitis), as well as 
firom the conjunctiva and skin/lid lash margins of 
healthy eyes. The kinetics of kill by moxifloxacin of 
5. awrewi and S. epidermidis (quinolone-susceptible and 
quinolone-resistant) isolates, was recendy reported (F3). 
As shown in Figs. 1 and 2, moxifloxacin, at 500 Hg/ml 
and 50 IXg/ml, kills faster than ciprofloxacin at 300 
and 30 |lg/ml. These concentrations were tested as 
they correspond to 1:10 and 1:100 dilutions of the 
formulated products. Nevertheless, the faster kill by 
moxifloxacin compared to ciprofloxacin makes it an 
important option when rapid eradication of or- 
ganisms on or near the surface of the eye is warranted. 
Rapid eradication minimizes the amplification of sub- 
populations of resistant strains.'^''^^' 



In Vivo Potency 
ASSESSMENT OF FLUOROQUINOLONE THERAPY 
IN RABBIT iqEHATITIS MODELS 

Several reports have established the efifectiveness 
of fluoroquinolones in the treatment of experimental 
keratitis. Data from Barequet et al have shovm the 
improved efficacy of a diird-generation fluoroquino- 
lone (trovafloxacin) as compared to ciprofloxacin 
and ofloxacin in a rabbit model of 5. aurms and 
P. aeruginosa keratitis.® Their results showed that 
the third-generation fluoroquinolone had approxi- 
mately a 2-log greater reduction in CFU/cornea rela- 
tive to the second-generation fluoroquinolone in 
treating S. aureus and all the fluoroquinolones stud- 
ied sterilized the corneas in their P. aeruginosa 
model.® 

Furthermore, other studies using a rabbit model of 
keratitis induced by corneal injection of P. aem^nosa 
demonstrated that there were no significant differ- 
ences between moxifloxacin and ciprofloxacin in the 
treatment of P. aeruginosa.'^ 

The in vivo efficacies of commercial solutions of 
0.5% moxifloxacin (VXGAMOX®, Alcon, Fort Wordi, 
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Time (minutes) 

In (500 ng/ml) -O Moxifloxacin (50 (ig/ml) 
-■- Ciprofloxacin (300 |ig/ml) -Q Ciprofloxacin (30 \iglm\) 

Fig. 1. Kinetics of kill of Staphylococcus aureus. A: Quino- 
lone-sensitive (ciprofloxacin MIC = 0.25 M-g/ml) S. aureus 
were incubated with moxifloxacin or ciprofloxacin and the 
percent survivors were determined at various time points. 
S. Quinolone-resistant (ciprofloxacin MIC =128 Jig/ ml) S. 
aureus were incubated with moxifloxacin or ciprofloxacin 
and the percent survivors were determined at various 
time points. 




Time (minutes) 

-•- Moxifloxacin (500 (ig/ml) O Moxifloxacin (50 ng/ml) 
-■- Ciprofloxacin (300 ng/ml) -Q Ciprotloxacin (30 |ig/ml) 

Fig. 2. Kinetics of kill of Staphylococcus epidermidis. A: Quin- 
olone-sensitive (ciprofloxacin MIC = 0.13 |i,g/ml) S. epider- 
midis were incubated with moxifloxacin or ciprofloxacin 
and the percent survivors were determined at various time 
points. B: Quinolone-resistant (ciprofloxacin MIC = 64 
Hg/ml) S. epidermidis were incubated with moxifloxacin or 
ciprofloxacin and the percent survivors were determined 
at various time points. 



TX), 0.3% levofloxacin (Quixin®), and 0.3% ci- 
profloxacin (Ciloxan®) were compared in the treat- 
ment of experimental keratitis caused by S. aureus 
(with various sensitivities to methicillin and second- 
generation fluoroquinolones),^* P. aeruginosa, and 
Serratia marcescens keratitis in rabbits.^'^ Two treat- 
ment models were used with the 5. aureus, an early 
treatment model where bacteria were actively repli- 
cating and a late treatment model where bacteria 
were in their stationary phase of growth. P. aeruginosa 
and 5. marcescens keratitis models involved treatment 
of bacteria in their slow replication phase, but not 
yet in their stationary phase. The results from these 
animal studies of ocular infections treated with flu- 
oroquinolones are shown in Figs. 3-6 and reviewed 
below. 

TREATMENT OF FLUOROQUINOLONE^ENSITIVE 
STAPHYLOCOCCUS AUREUS KERATITIS 

Early treatment of rabbit eyes infected with ofloxa- 
cin-sensitive MSSA or MRSA demonstrated that moxi- 
floxacin, levofloxacin, or ciprofloxacin reduced the 



number of S. aurem equally by approximately 5-log 
CFU/ cornea as compared to the untreated control 
group (Figs'. 3A and 3B) Eyes with established infec- 
tions caused by bacteria that are not actively replicat- 
ing are more refractory to antibiotics. Therefore, 
moxifloxacin, levofloxacin, and ciprofloxacin were 
evaluated to determine their effectiveness in treating 
such infections. Late treatment of infected rabbit eyes 
with moxifloxacin, levofloxacin, or ciprofloxacin pro- 
duced approximately 5, 4, or 2.5-log reduction in 
CFU/cornea, respectively, relative to the control 
group (Figs. 3C and 3D).^* None of the fluoroquino- 
lones tested were as effective as moxifloxacin in re- 
ducing S. aureus in the late treatment model. 
Moxifloxacin was shown to be the most effective ther- 
apy demonstrating its activity in both the early and 
later treatment schedules. S. aureus produce tissue 
destructive exoproteins as the growth of the organ- 
isms goes from an actively replicating state (log 
phase) to a stationary phase of growth. During the 
stationary phase is where inflammation occurs and 
is the point when patients seek medical attention. 
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Fig. 3. Early and late fluoroquinolone treatment of ofloxacin-sensitive Staphylococcus aureus keratitis in rabbits. Early 
{A and B) and late ( C and D) fluoroquinolone therapy of rabbit eyes infected with MSSA or MRSA sensitive to ofloxacin 
(MIC = 0.5 jig/ml). (Reprinted from Dajcs et al^* with permission of the American Society for Microbiology.) 



TREATMENT OF FLUOROQUINOLONE-RESISTANT 
STAPHYLOCOCCUS AUREUS KERATITIS 

Early treatment of rabbit eyes infected with 
ofloxacin-resistant MSSA or MRSA with moxifloxa- 
cin, levofloxacin, or ciprofloxacin produced approxi- 
mately 4.5, 3.5, or 0.5-log reductions in CFU/cornea, 
respectively, relative to the untreated eyes (Figs. 4A 
and 4B).2* 

Late treatment of the infected rabbit eyes with 
either levofloxacin or ciprofloxacin did not produce 
significant reductions in CFU relative to the un- 
treated control (Figs. 4C and 4D) During late treat- 
ment, only moxifloxacin was able to significantly 



reduce the CFU/cornea as compared to the un- 
treated group. 

TREATMENT OF PSEUDOMONAS AERUGINOSA 
KERATITIS 

A study by Rhee et al employed a rabbit keratitis 
model to demonstrate that ciprofloxacin-sensitive P. 
aeruginosa (MIC = 2) can be effectively treated with 
ciprofloxacin.®* Additionally, they showed that ci- 
profloxacin-resistant P. aeruginosa (MIC > 32) was 
not effectively treated with ciprofloxacin.^^ Treat- 
ment of P. aeruginosa keratitis with moxifloxacin, lev- 
ofloxacin, ciprofloxacin, or ofloxacin resulted in a 5 




Fig. 4. Early and late fluoroquinolone treatment of ofloxacin-resistant Staphylococcus aureus keratitis in rabbits. Early 
(A and B) and late (C and D) fluoroquinolone therapy of rabbit eyes infected with MSSA or MRSA resistant to ofloxacin 
(MIC = 128 M-g/ml). (Reprinted from Dajcs et al^* with permission of the American Society for Microbiology.) 
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Fig. 5. Fluoroquinolone treatment of P. aeruginosa or 
5. marcescens keratitis in rabbits. A: Fluoroquinolone 
therapyofrabbiteyesinfectedwithciprofloxacin-sensitiveP. 
aeruginosa (MIC = 0.13 |Xg/ml). B: Fluoroquinolone ther- 
apy of rabbit eyes infected with ciprofloxacin-sensitive 
S. marcescens (MIC = 0.13 (ig/ml). (Figure adapted from 
Thibodeaux BA et al."*) 



or greater log reduction in CFU/comea as compared 
to the untreated group (Fig. 5) .^^^ These data demon- 
strate that moxifloxacin is equal to or more efifective 
in treating infections caused by P. aeruginosa then 
the second- and third-generation fluoroquinolones 
like ciprofloxacin or levofloxacin. 



□ Moxifloxacin H Cipronoxacin 




15 minutes "™" 3 hours 

Tiine 
(Prior to Iqjecaon) 



Hg. 6. Fluoroquinolone prophylaxis of experimental ker- 
atitis caused by Staphylococcus aureus. Rabbit eyes were 
treated with a single topical application of fluoroquino- 
lone at various time points prior to inoculation with approx- 
imately 500 CFU of 5. aureus (ciprofloxacin MIC = 0.5 Hg/ 
ml). ' - Sterile eyes; ND - not determined. (Based on data 
from Dajcs etal.^^-^*) 
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TREATMENT OF SERRATIA MARCESCENS KERATITIS 
Treatment of S. marcescens keratitis with moxiflox- 
acin, levofloxacin, ciprofloxacin, or ofloxacin pro- 
duced approximately a 5, 3, 2, 3.5-log reduction in 
CFU/comea, respectively, relative to the untreated 
control (Fig. 5)."^ Moxifloxacin was the most effec- 
tive therapy in the reduction in CPUs of S. marcescens 
in the cornea. 

PROPHYLAXIS OF EXPERIMENTAL 
STAPHYLOCOCCUS KERATITIS 

Recent reports have shown that the occurrence 
of postsurgical infections following ocular surgery 
is increasing.^'''^^'^* Although other organisms, like 
Streptococcus can cause endophthalmitis,^" the most 
common organisms isolated in postsurgical endoph- 
thalmitis are S. epidermidis and S. aureus'^^'^^^ and are 
derived mainly from the patient's own eyelids. 
Given the ability of surface microbial flora to enter 
the eye during surgery, prophylactic antibiotics have 
been administered before, during and after ocular 
surgery to reduce the risk of postsurgical infections, 
especially keratitis or endophthalmitis.^'™ 

In order to prevent postoperative ocular infec- 
tions, a drug must reach the relevant tissues at appro- 
priate concentrations. Topical ophthalmic 
preparation must overcome tear dilution, mechani- 
cal action of the eyelids, and rapid run off over 
the concave corneal surface. Antimicrobial agents 
with good ocular penetration in the tear film, cornea, 
and aqueous humor are needed to prevent post-surgi- 
cal ocular infections.^^ Topical antibiotics may 
reduce the risk of post-surgical infection by sterilizing 
the ocular surface, preventing the introduction of 
bacteria into the eye by maintaining a lethal concen- 
tration in ocular tissue, thereby killing any exogenous 
bacteria introduced during surgery. 

Ophthalmologists have been using fluoroquino- 
lones for prophylactic treatment to reduce the risk 
of ocular infections for many years. Fluoroquinolones 
have been used prophylactically prior to ocular sur- 
gery because of their broad-spectrum of coverage and 
good penetration into tissues and aqueous 
humor.'^'^® Ciprofloxacin and ofloxacin'^'*^ '^^ and 
levofloxacin®^ have been shown to achieve significant 
intraocular concentrations. Furthermore, fourth- 
generation fluoroquinolones, such as moxifloxacin 
and gatifloxacin, have been shown to achieve higher 
concentrations in the aqueous humor than older 
fluoroquinolones.^"'^^'™ (F4) Levine etal demon- 
strated that the topical application of moxifloxacin 
produced approximately a 45% higher concentra- 
tion in the aqueous humor when comparison to gati- 
floxacin.'^ Hariprasad et al found that topical 
administration of moxifloxacin ophthalmic solution 
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0.5% every 2 or 6 hours for 3 days before surgery 
resulted in antibiotic concentrations of 2.28 Hg/ml 
in the aqueous humor and 0.11 |ig/ml in the vitreous 
in 2-hour group and 0.88 ^g/ml (aqueous) and 0.06 
jig/ml (vitreous) in the 6-hour group.^° There is no 
consensus as to how frequently an antibiotic should 
be administered for adequate prophylaxis. In Miller's 
review of eye infections, corneal concentrations 
achievable by topical administration of fluoroquino- 
lones ranged from 0.04 to 5.29 |j.g/ml.^^ Robertson 
et al reported ocular penetration of moxifloxacin up 
to 24.8 M-g/g cornea, which was five times greater 
than that for gatifloxacin (4.85 |ig/ml) after topical 
administration in rabbits.^^ Other investigators saw a 
two-fold increase of moxifloxacin over gatifloxacin 
in the aqueous humor of humans (F4).^''* A recent 
study compared timing and frequency of topical 
ofloxacin administered 1 hour or 3 days prior to 
surgery.'*" Additional studies have indicated a reduc- 
tion in positive conjunctival cultures both immedi- 
ately before and after surgery, signifying the 
importance of prophylactic topical antibiotic 
therapy.8«'i07 

Several studies have evaluated second-generation 
fluoroquinolones (i.e., ciprofloxacin and ofloxacin) 
as prophylactic antibiotics for the prevention of ex- 
perimental S. aureus keratitis.^^'^^'^'^ Another study 
showed the effectiveness of a fourth-generation flu- 
oroquinolone (gatifloxacin) in the prevention of 
multi-drug-resistant S. aureus keratitis after lamellar 
keratectomy in a rabbit model. The fluoroquino- 
lones were quantitatively evaluated for their effective- 
ness in preventing growth of the 5. aureus inoculum 
by applying fluoroquinolone at various times prior 
to inoculation of bacteria and enumerating viable 
cell counts. 

Data presented in Fig. 6 show a comparison of 
prophylactic effectiveness of moxifloxacin, levoflox- 
acin, and two second-generation fluoroquinolones. 
All fluoroquinolones when appUed 3 hours or less 
prior to inoculation prevented an increase in the 
number of bacteria relative to the initial inoculum 
(500 CFU) ; however, only moxifloxacin sterilized all 
the eyes. None of the fluoroquinolones were effective 
in reducing the CFU relative to the inoculum when 
applied at 5 or 8 hours prior to infection. In this 
prophylaxis model of keratitis, topical moxifloxacin 
demonstrated superior penetration across an intact 
corneal epithelium and to a lethal concentration, for 
up to 3 hours in the cornea and anterior chamber at 
concentrations thatwere lethal to the organisms at the 
time of injection. 

^* McCulIey JP, Surratt G, Shine W: 4th generation fluoroqui- 
nolone penetration into aqueous humor in humans. Invest Oph- 
thalmol Vis Sci 45: Abstract 4927, 2004. 



Topical moxifloxacin applied pre-challenge, post- 
challenge, or pre-and post-challenge has been demon- 
strated to prevent endophthalmitis with an inoculum 
of 50,000 CFU of S. aureus into the anterior 
chamber.^^ This is the first report demonstrating 
that topical application of antibiotic can prevent 
experimental endophthalmitis. 

Tungsiripat etal have also demonstrated the im- 
proved effectiveness of a fourth-generation fluoro- 
quinolones in relation to second and third- 
generation fluoroquinolones for the prevention of 
multiple-drug-resistant S. aureus keratitis after lamel- 
lar keratectomy."^ Their data showed that ci- 
profloxacin or levofloxacin were 45% effective in 
preventing keratitis, whereas, gatifloxacin was 100% 
effective in preventing multiple drug-resistant 5. 
aureus keratitis. These experiments have established 
that fourth-generation fluoroquinolones can be suc- 
cessful prophylactic antibiotic for the prevention of 
keratitis or endophthalmitis. According to Thauvin- 
Eliopoulos, it is both the broad-spectrum antimicro- 
bial activity of these drugs, and their high potency 
against many susceptible strains, that position the 
fluoroquinolone antimicrobials among our most val- 
uable therapeutic classes."' 

Conclusions 

In vitro studies have shown that moxifloxacin has 
improved activity for gram-positive and atypical or- 
ganisms and similar activity against gram-negative 
organisms compared to second and third-generation 
fluoroquinolones (i.e., ofloxacin, ciprofloxacin, lev- 
ofloxacin) . Moxifloxacin inhibited the growth of bac- 
teria frequently isolated from ocular infections and 
had a faster rate of killing of fluoroquinolone- 
resistant organisms than ciprofloxacin. Further- 
more, in wiwo studies demonstrated that moxifloxacin 
ophthalmic solution 0.5% is an effective topical ther- 
apy for treatment or prevention of experimental bac- 
terial keratitis. Moxifloxacin penetrates anterior 
ocular tissues (e.g., cornea, tear film, conjunctiva, 
iris-ciliary body, aqueous humor) to concentrations at 
or above the MIC of the major ocular pathogens.^^'^^ 
The high intraocular concentrations achieved cou- 
pled with the inate in vitro and in vivo potency, as well 
as the inhibition of the bacterial efflux mechanism 
enhances the abiUty of moxifloxacin to accumulate to 
lethal levels at the infected site and thereby minimize 
the rate of resistance to the drug. 

Method of Literature Search 

A literature search for this article was performed 
based on MEDLINE database searches from 1966 to 
2005, using varying combinations of the search terms 
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ocular infections, fluoroquinolones, generations, mecha- 
nism of action, mutant prevention concentration, ocular 
penetration, prophylaxis, animal models of keratitis, kerati- 
tis, endophthalmitis, and resistance. Relevant journal 
articles were selected for review. Articles cited in the 
references of journal articles were also included. An 
effort to use the most recentiy available literature was 
made, concentrating on journal articles published in 
the last decade. 
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Ocular Pharmacokinetics of Moxifloxacin After 
Topical Treatment of Animals and Humans 

SteUa M. Robertson, PhD, Michael A. Curtis, PhD, Bany A. Schlech, PhD, 
Andrew Rusinko, PhD, Geoffrey R. Owen, PhD, Olga Dembinska, PhD, 
John Liao, PhD, and David C. Dahlin, PhD 

Alcon Research, Ltd., Fort Worth. Texas, USA 

Abstract The ocular penetration and pharmacokinetics of moxifloxacin in comparison to other 
fluoroquinolones (ofloxacin, ciprofloxacin, gatifloxacin, norfloxacin, levofloxacin, and lomefloxacin) 
have been detennined by in vitro and ex vivo techniques, as well as in animal and human studies. This 
article reviews ttie original pharmacokinetics work performed by Alcon and other studies reported in 
the ocular fluoroquinolone literature. The results consistently demonstrate higher maximum 
. concentrations for moxifloxacin relative to the other fluoroquinolones in ocular tissues with levels well 
above its minimum inhibitory concentrations for relevant ocular pathogens. This superior performance 
is due to the unique structuie of moxifloxacin that combines high lipophilicity for enhanced corneal 
penetration with high aqueous solubility at physiological pH. The latter property creates a high 
concentration gradient at the tear film/corneal epithelial interface providing a driving force for better 
ocular penetration for moxifloxacin. In addition, the higher concentration of moxifloxacin in 
VIGAMOX® (i.e., 0.5% vs. 0.3%) allows more antibiotic to be available to ocular tissues. It is clear from 
the array of studies summarized in this report that moxifloxacin penetrates ocular tissues better 
(two- to three-fold) thangadfloxacin, ciprofloxacin, ofloxacin, or levofloxacin. This consistent, enhanced 
penetration of topical moxifloxacin offers powerftd advantages for ophthalmic therapy. (Surv 
Ophthalmol 50:532-^45, 2005. © 2005 Elsevier Inc. All rights reserved.) 

Keywords, fluoroquinolones • moxifloxacin • ocular penetration ♦ ophthalmic therapy ♦ 
pharmacokinetics • VIGAMOX® 



Introduction 

Moxifloxacin is a novel fourth-generation fluoro- 
quinolone with high potency against both gram- 
positive and gram-negative bacterial pathogens. Ithas 
the liigliest potency in its class against Staphylococcus 
aureus and Staphylococcus epidermidis}^ Moxifloxacin 
has been developed as a 0.5% solution for topical, 
ocular use as moxifloxacin ophthalmic solution 
0.5%. (VIGAMOX®, Alcon Laboratories, Inc., Fort 



Worth, TX) . In addition to high potency, a desirable 
characteristic of topical antibiotics is die rapid migra- 
tion across the cornea and extensive penetration into 
anterior ocular tissues. The ocular bioavailability of 
different antibiotics can be compared on the basis 
of die concentration achieved in the tears, cornea, 
conjunctiva, aqueous, or vitreous humor. The con- 
centration of the antibiotic in these tissues should 
be maintauied for sufficient time above the minimiun 
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inhibitory concentration (MIG) for important patho- 
gens in order to achieve effective bacterial killing. 
The higher the concentration above the antibiotic's 
MIC, the greater the protection against infection. 
Alcon and other investigators have conducted nu- 
merous non-clinical and clinical studies to measure 
the ocular uptake and pharmacokinetics (PK) of 
moxifloxaciii in comparison to oflier topical fluoro- 
quinolones. The results of these recent in vitro, ex 
vivo, in vivo, and human clinical studies are reviewed 
in this article. 

Materials and Methods 

IN VITRO/EX VIVO METHODS 

For most of the in vitro or ex vivo corneal penetra- 
tion experiments, fresh, excised corneas from rabbits 
were mounted in corneal perfusion chambers. Solu- 
tions of fluoroquinolones or commercial products 
were applied to the epitlielial side of the excised 
corneas for a period of time (e.g., 5 minutes) and the 
amount of antibiotic crossing the cornea was mea- 
sured on tlie endodielial side. Dembinska and col- 
leagues (Fl) measured the effects of topical 
antibiotic preparations on the corneal epithelial bar- 
rier function and also measured the rate of carboxy- 
fluorescein or sodium fluorescein permeation 
through tlae treated excised corneas. In this study, 
the permeation of each dye was assessed by linear 
regression fitted to the ascending part of its curves. 
Statistical analysis was performed on individual 
slopes (n s 4) and included the mean, the standard 
deviation, and one-way ANOVA and Tukey tests for 
multiple comparisons. Each analysis included con- 
trols pooled from both fluoroquinolones. In other 
in vitrostuddes canine kidney (MDGK) ceUs were used 
as a model to assess and compare tissue penetration 
properties for various fluoroquinolone formulations 
(F2) . For these studies, linear regressions were deter- 
mined using S-Plus 6.0 for Windows, Release 2, from 
the Insightful Corporation. 

IN VIVO ANIMAL STUDIES 

For in vivo rabbit studies, animals were treated 
topically witli various fluoroquinolone formulations 
and eutiianized at die appropriate time-points follow- 
ing topical treatment. Tlie ocular tissues were ana- 
lyzed for fluoroquinolone content. Aqueous humor. 



" Dembinska O, Stout KR, Podval J, Rodeheaver DP: Corneal 
epithelial bairier function following the exposure to VIGAMOX® 
and Zymar in ex vivo model of corneal penetration. Invest Ophthal- 
mol Vis Sci 46: E-Abstract 4901, 2005. 

^ Rusinko A, May J, Uao J, Namil A, Hellberg M: A study of 
the enhanced corneal penetration of moxifloxacin. Invest Oph- 
thalmol Vis Sci 45: E-Abstract 4907, 2004. 



vitreous humor, tear film, and plasma samples were 
analyzed using aliquots of fixed volume while odier 
tissues (i.e., cornea, iris-ciliary body, conjunctiva) 
were weighed and homogenized in water prior to 
analysis. 

HUMAN CUNICAL STUDIES 

For human studies, aqueous and vitieous humor 
samples were obtained using a syringe and canula 
during cataract or other ophthalmic surgeries. Also, 
samples of conjunctiva were excised firom normal 
human volunteers after topical instillation of fluoro- 
quinolone preparations'* (F3). 

ANALYSIS OF SAMPLES 

For all studies, tissue samples were generally stored 
in sealed vials at -20°C or colder until analyzed. 
Concentrations of moxifloxacin and other fluoro- 
quinolones were determined using high perfor- 
mance liquid chromatography (HPLC) with 
fluorescence detection or HPLC/tandem mass spec- 
trometry. Concentrations were normally given as 
jlg/ml or (J.g/g of tissue. Lower limits of quantitation 
ranged from 2-30 ng/g or ng/mL depending on the 
ocular tissue. 

DOSING REGIMENS 

Dosing regimens for animal and human studies 
varied according to each protocol. The dosing details 
of the in vivo and clinical phases of various studies are 
discussed in the sections below or given in the Tables. 

Results 

IN VITRO/EX VIVO STUDIES 

The corneal penetration and permeability charac- 
teristics of moxifloxacin were investigated in a series 
of Alcon in vitro and ex vivo studies that are summa- 
rized below. 

Ocular Ex Vivo Penetration and Corneal 
Permeability of Moxifloxacin and Gatifloxacin 

One Alcon study {F4) involved exposing the epi- 
tiielial side of excised corneas from New Zealand 
white rabbits to 0.004% (0.1 mM) solutions of moxi- 
floxacin and gatifloxacin in BSS balanced salt solu- 
tion. The concentrations of the fluoroquinolones 
were determined by HPLC of die perfusates over a 
5-hour period. The results in Table 1 show a 3.6-fold 



^ Wagner RS, Abelson MB, Shapiro A, Torkildsen G: Evaluation 
of fluoroquinolone antibiotic concentrations in human conjuncti- 
val tissue following topical administration. Invest Ophthalmol Vis 
Sci 46: ^Abstract 4888, 2005. 
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TABLE 1 



In Vitro/Ex Vivo Penetration Study for Mosdfloxacin and Gatiflomcin (F4) 





Moxifloxacin' 


Gatifloxacin' 


Difference 


Corneal penneability to FQ 


91 ± 9 


25 ±2 


moxifloxacin penetrated 3.6 x more than 


(X 10-' cm/sec ± SD) 






gatifloxacin (P = 0.005)** 


Time to appearance of FQ 


49 ± 1 


99 ± 12 


moxifloxacin penetrated 2.0 x faster than 


on endodielial side of cornea 






gatifloxacin (P = 0.02)*' 


(min ± SD) 







' Test articles were 0.004% solutions of fluoroquinolone in a preservative-free vehicle and each mean value was the 
average of ihree corneas ± Standard deviadon. 



Significance determined with paired t-test. 



better penetration (i.e., liigher corneal permeability) 
for moxifloxacin versus gatifloxacin. In addition, the 
time before the appearance of antibiotic on the endo- 
thelial side was about two-fold earlier (i.e., quicker 
penetration) for moxifloxacin than for gatifloxacin. 
In this study, none of these solutions contained 
benzalkonium chloride (BAG) as a preservative. 

Another Alcon study (Fl, F4) used tvro commercial 
antibiotic products and determined the corneal per- 
meability to carboxyfluorescein (CF) or sodium flu- 
orescein (SF) as a measure of corneal integrity. In 
this ex vivo permeability study, the commercial fluor- 
oquinolone preparations (VIGAMOX® and Zymar® 
[gatifloxacin ophthalmic solution 0.3%; Allergan, 
Inc, Irvine, CA]) were applied to the epitiielial sur- 
face of the excised cornea of the rabbit for 5 minutes. 
After rinsing, corneas were exposed to either CF or 
SF for 5 minutes and the perfusate collected over 2 
hours. The level of CF or SF in the perfiisate was 
measured by spectrophotometry and the more CF or 
SF found in the perfusate then the more corneal 
damage occurred. The results in Table 2 show again 
tliat moxifloxacin penetrates the cornea better 
than gatifloxacin (6.5 vs 2.8 |J.g/min) and faster (11 
vs. 18 min). Also, GF and SF passed through the 
cornea fester after treatment with Zymar tlian after 
treattnent with VIGAMOX® (2.77 vs 1.83 pMol/mi/ 
min for GF, 0.50 vs. 0.28 pMol/ml/min for SF). 
Although moxifloxacin penetrates the cornea faster 
and accumulates at liigher concentrations in the 
aqueous humor than gatifloxacin (Table 1 and 2), 
VIGAMOX® maintained the corneal integrity better 
tlian Zymar®. There was a 1.6-fold lower accumula- 
tion of CF (37 vs. 60 pMol/ml) after treatment with 
VIGAMOX® than with Zymai* (Table 2). The pres- 
ence of benzalkonium chloride in Zymar is likely 
causing a loss of integrity to the intercellular (gap) 



" Owen GR, Dembinska O, Stout KR, Mendiola MK Corneal 
penetration and changes in corneal penneability of moxifloxacin 
versus gatifloxacin. hivest Ophthalmol Tis Sci 45: RAbstract 
4910, 2004. 



junctions in the corneal epithelium, whereas 
VIGAMOX® has an advantage in this regard (i.e., 
it is self-preserved and contains no benzalkonium 
chloride) (F4). These results indicate that the en- 
hanced corneal penetration of moxifloxacin relative 
to gatifloxacin is due to inherent differences in mo- 
lecular structure, the higher fluoroquinolone con- 
centration (0.5% vs. 0.3%), and the lack of BAG in the 
commercial preparation. 



lipophiHcity and MDCK Cell Permeability 
of Fluoroquinolones (Fig. 1) 

Lipophilicity and aqueous solubility are two fac- 
tors that govern corneal penetration rates. The pur- 
pose of this Alcon study (F2) was to identify which 
molecular properties are responsible for the superior 
bioavailability of topically applied moxifloxacin in 
comparison to six other fluoroquinolones. Secondly, 
a mathematical model was developed to predict cor- 
neal permeability of fluoroquinolone antibiotics 
based upon their in vitro data using Madin-Darby 
canine kidney (MDCK) cells and physiochemical 
properties. For the MDCK studies, 10 (iM solutions 
of fluoroquinolones were tested. Aqueous solubility 
and lipophilicity values were determined for each 
fluoroquinolone. The permeabilities of seven fluoro- 
quinolones (i.e., moxifloxacin, ciprofloxacin, nor- 
floxacin, ofloxacin, levofloxacin, lomefloxacin, and 
gatifloxacin) were determined in the MDCK model 
and the in vitro corneal penetration data published 
earlier by Fukada.^ The results of these comparisons 
are shown in Table 3. The MDGK permeability 
showed a high correlation with lipophilicity (R^ = 
0.92 see Fig. 1) and corneal permeability (R^ = 0.93) 
indicating that die in . vitro MDGK model is an excel- 
lent predictor of corneal peneti:ation. Moxifloxacin 
had the highest molecular weight (401.4) and 
showed higher lipophilicity (0.24), greater aqueous 
solubility (>6.43%) and the best MDGK and corneal 
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permeability (35.2 and 15.8, respectively) than any 
of the other six fluoroquinolones tested (¥2). 

IN VIVO ANIMAL STUDIES 

Numerous iw wt/ostudies conducted in rabbits have 
characterized the ocular penetration and pharmaco- 
kinetics of moxifloxacin and otlier fluoroquinolones 
as comparators. 

Ocular Penetration of 0.3% Solutions 
of Moxifloxacin and Ofloxacin 

This Alcon study (F5) was designed to measure the 
ocular penetration and distribution of moxifloxacin 
and ofloxacin into the aqueous humor, cornea, iris- 
ciliaiy body, tear film, and plasma following a single 
topical ocular administration of 0.3% solutions to 
rabbits. The eyes of male Dutch-belted rabbits were 
dosed with a single drop (30|il) of eitlier 0.3% moxi- 
floxacin or 0.3% ofloxacin solutions. The moxifloxa- 
cin 0.3% solution tested was prepared as a 0.3% 
solution in phosphate buffer saline (pH 7.4); the 
commercial product (VIGAMOX®) contains a higher 
concentration of moxifloxacin, namely, 0.5%. The 
0.3% ofloxacin solution was the commercially avail- 
able Ocuflox® (pH 6.4; Allergan, Irvine, CA). Aque- 
ous humor, cornea, iris-ciliary body, tear film, and 
plasma were collected up to 48 hours post-dose for 
analyses of drug concentrations by reverse phase 
HPLC. The corneas from the animals were not al- 
tered in anyway to increase absorption. The investiga- 
tors were careful to ensure the integrity of die corneal 
epithelium in the study. The in-life work was con- 
ducted at a high-quality independent GLP research 
laboratory. All animals underwent an examination 
witli sodium fluorescein prior to dosing to verify the 
integrity of the cornea. This examination was docu- 
mented for every eye in the study. The study direc- 
tions specified that extreme care be taken to avoid 
any injury to the corneas in all groups throughout 
the study. The moxifloxacin and ofloxacin concen- 
trations achieved are given for the various times post- 
dose in Table 4 for aqueovis humor, cornea, iris- 
ciUaiy body and plasma. The moxifloxacin concen- 
trations were typically higher than ofloxacin in all 
tissues tested and at most time pulls. The maximum 
concentration (Cmax) for moxifloxacin was two-fold 
higher than ofloxacin in the cornea and 3.5-fold 
higher in the aqueous humor. Moxifloxacin 's Cmax 
for iris<iliary body and plasma were 2.5- and 1.5-fold 

^ Robertson SM, Sanders M, Jasheway D, Trawick D, Veltman 
J, Hamner S, Schlech BA, Hilaski R, Dahlin DC: Penetration and 
distribution of moxifloxacin and ofloxacin into ocular tissues 
and plasma following topical ocular administration to pigmented 
rabbits. Invest Ophthalmol Vis Sci 44: E-Absti-act 1454, 2003. 
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Molecular 




MDGK Pei-meability 


Corneal Permeability 




Fluoroquinolone 


Weight 


solubility (%) 


(cm/s)-xlO' 


(cm/s) X 10' 


Lipophilicity C-7, Jt 


Moxifloxacin 


401.4 


>6.43** 


35.2 


15.8 


0.24 


Gadfloxadn 


375.4 


0.21 


10.3 


4.6 


0.11 


Ciprofloxacin 
Ofloxacin 


331.3 


0.02 


4.5 


2.46 


-0.35 


361.4 


0.35 


15.1 


6.78 


0.06 


Norfloxacin 


319.3 


0.05 


3.3 


1.63 


-0.35 


Levofloxacin 


361.4 


1.85" 


16.4 


6.95 


0.06 


Lomefloxacin 


351.3 


0.13 


6.6 


3.58 


0.11 


Data for mox 


:ifloxacin and gatifloxacin were e 


stimated by linear regression; Data for remaining fii 


/e fluoroquinolones 



higher than ofloxacin's Cmax. Ofloxacin concentra- 
tions in the cornea fell below its MICso of 0.5 |ig/ml 
for methicillin-resistant Staphylococcus aureus (MRSA) 
by 8 hours while the moxifloxacin concentration 
(0.25 \Lg/ml) was about four-fold higher than its 
MICbo (0.06 M-g/ml) for MRSA even at 48 hours after 
instillation. In aqueous humor, ofloxacin concentra- 
tions fell below the quantitation limit of detection 
(i.e., 33 ng/g) after 4 hours, \rfiereas there were still 
measurable amounts of moxifloxacin found at the 
last time point of 48 hours. The moxifloxacin iris- 
ciliary body concentrations were substantially higher 
than tliose for ofloxacin. These results demonstrate 
that moxifloxacin has a better penetration profile 
compared to ofloxacin. Results from other Alcoii 
studies (unpublished Alcon data) indicate that 
ofloxacin has a better penetration profile than ci- 
profloxacin. Following single-drop instillation of 
0.3% ciprofloxacin solution, the mean ciprofloxacin 
concentration at 1 hour was 7.3-fold lower than that 
for ofloxacin (0.076 ng/g vs. 0.555 jig/g, respec- 
tively). Based on the results of these moxifloxacin, 
ofloxacin, and ciprofloxacin single-drop studies, it 
can be concluded that the penetration profile of 
moxifloxacin into the aqueous humor and cornea is 
greater than ofloxacin, which is greater than tliat for 
ciprofloxacin. Also maximal plasma concentrations 
of both moxifloxacin and ofloxacin were low (<0.01 
(ig/ml) and declined rapidly in the plasma. The mox- 
ifloxacin plasma concentration in (his study was 700- 
fold lower than the tolerated doses from toxicology 
studies and 300-fold lower than those measured in 
clinical studies at oral doses. Even at diese high 
oral doses, there were no relevant deviations from 
normal biochemical or hematological parameters. 
These results demonstrate a wide margin of safety 
for topical ophthalmic use of 0.3% moxifloxacin 
solutions. 

Tear Film Concentrations of Moxifloxacin 
and Ofloxacin (Fig. Z) 

In this Alcon study (F5), nine male Dutch-Belted 
rabbits were used to measure the tear film concentra- 



tions achieved after a single drop of 0.3% moxifloxa- 
cin or 0.3% ofloxacin solutions. Each animal, except 
the undosed controls (n = 3/group), received a 
single 30-(il topical ocular dose to right (OD) eye 
using a calibrated positive displacement pipettor. 
Tear film samples (0.5-1.0 were collected from 
the dosed eyes using capillary tubes at 1, 2, 3, 5, 60, 
90, 120, 180, 240, and 360 minutes. Samples were 
weighed and stored at -70°C prior to analysis by 
reverse phase HPLC. The results of this single-drop 
study are shown in Fig. 2 and indicate that at the 
early time pulls, the concentrations were similar, but 
over the course of the next hour, ofloxacin concen- 
tration dropped more rapidly than moxifloxacin with 
moxifloxadn levels being about seven-fold to 10-fold 
higher than ofloxacin. Ofloxacin was not detectable 
in the tear film (i.e., <0.5 M-g/ml) beyond 90 minutes 
whereas moxifloxacin remained at concentrations at 
or above 1.0 ng/ml up to the last time point of 6 
hours. 

Effect of Cataract Surgery on Ocular Levels 
of Moxifloxacin 

Anotiier study by Maflier and colleagues^^ at die 
Proctor Foundation mimicked cataract surgery in 
Dutch-belted rabbits. The moxifloxacin concentra- 
tions in the aqueous and vitreous humors were 
measured 30, 60, and 120 minutes after topical instil- 
lation of moxifloxadn ophthalmic solution 0.5%. 
Mean tissue concentrations obtained in surgical eyes 
were compared with concentrations obtained in 
non-surgical eyes. Moxifloxacin concentrations were 
determined by HPLC. A total of six drops of moxi- 
floxadn ophthalmic solution 0.5% was administered 
to each eye, as follows: 60 minutes before surgery three 
single drops (30 pJ/drop) were applied separated by 
5 minutes. The same regimen of three drops (each 
separated by 5 minutes) was applied at die end of 
surgeiy. The results of this study are shown in Table 6 . 
This multi-drop regimen of moxifloxacin ophthalmic 
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Animal Study: Ruoroquinolone Concentration in Aqueous Humor and Cornea 

of 0.3% SoltUitms of Madfloxacin and Ofloxacin to DuUhielted 



a Sin^ Topical Ocular Dose 
Rabbits (F5) 



lime (ta) 


Moxifloxaciii Mean Cone 
((ig/mL) ± SD 


Ofloxacin (jlg/g) Mean Cone 
(Hg/mL) ± SD 


0.5 


1.78 ± 0.39* 


0.507 ± 0.489* 


1 


0.993 ± 0.075 


0.267 ± 0.134 


2 


0.304 ± 0.059- 


0.229 ± 0.031 


4 


0.0589 ± 0.0071 


0.0933 ± 0.0389 


8 


0.0353 ± 0.0232 


BLQ 


12 


0.0207 ± 0.0002 


BLQ 


24 


0.0182 ± 0.0029 


BLQ 


48 


0.0172 ± 0.0099 


BLQ 


0.5 


12.5 ± 3.8* 


6.02 ± 2.27* 


1 


5.89 ± 0.78 


2.34 ± 0.99 


2 


2.02 ± 0.13 


2.41 ± 0.46 


4 


0.65 ± 0.082 


1.05 ± 0,39 


8 


0.99 ± 0.288 


0.493 ± 0.123 


12 


0.437 ± 0.225 


0.160 ± 0.042 


24 


0.253 ± 0.119 


0.270 ± 0.240 


48 


0.247 ± 0.015 


0.0967 ± 0.0839 


0.5 


6.26 ± 2.07 


0.800 ± 0.360 


1 


10.4 ± 5.6 


0.653 ± 0.423 


2 


8.54 ± 1.45 


4.43 ± 1.99^ 


4 


11.0 ± 1.7 


5.42 ± 2.88* 


8 


13.5 ± 4.7* 


4.36 ± 1.57 


12 


9.42 ± 3.76 


2.92 ± 0.07 


24 


10.7 ± 6.2 


3.33 ± 1.01 


48 


7,68 ± 2.14 


2.78 ± 0.33 


0.5 


0.0130 ± 0.0016* 


0.0069 ± 0.0037 


1 


0.0109 ± 0.0010 


0.0080 ± 0.0010' 




0.0065 ± 0.0003 


0.0038 ± 0.0003 


4 


BLQ 


BLQ 


8 


BLQ 


BLQ 


12 


BLQ 


BLQ 


24 


BLQ 


BLQ 


48 


BLQ 


BLQ 



BLQ = Below Limit of Quantitation of 33 ng/g. 
Note: Each mean value was average of three samples; 

* designates the maximum concentration obtained for that antibiotic in that tL 



solution 0.5% produced aqueous humor concentra- 
tions of 12.2 to 32.6 M-g/inl tliat were well above tlie 
MICs of even resistant strains of tlie most common 
organisms implicated in post cataract surgery 
endophthalmitis (e.g., Staphylococcus aurevs 2Sid coag- 
ulase negative StapAytococc-iw). Relatively high concen- 
trations of mojcifloxacin were detected in the 
aqueous htimor of both groups atall time points. Atall 
time points, the mean moxifLoxacin concentrations 
are at least 200-fold greater than the MICbo value for 
FQ«usceptible Staphylococcus and at least four-fold 
higher than MIC50 for FQ-resistant Staphylococcus. 
There were no statistically significant diflferences be- 
tween surgical or nonsurgical eyes at any time-point, 
indicating tliat cataract surgery does not alter the 
penetration of moxifloxacin into aqueous or vitreous 
humor. However, the study demonstrated that topical 
moxifloxacin administered as three single drops, 60 



minutes prior to surgery and immediately after sur- 
gery resulted in a mean aqueous concentration for 
moxifloxacin that was 200-fold higher than the 
median MIC for fluoroquinolone-susceptible isolates 
of Staphylococcus aureus or coagulase-negative 
Staphylococcus. 

Ocular Penetration of 0.5% Moxifloxacin, 0.3% 
Ofloxacin, and 0.3% Gatifloxacin 

This Alcon rabbit study (F6) measured the ocular 
pharmacokinetics of topical moxifloxacin 0.5% (VI- 
GAMOX®), ofloxacin 0.3% (Ocuflox®), and gati- 
floxacin 0.3% (Zymar®) solutions following repeated 



Robertson SM, Sanders M, Jasheway D, et al: Absorption and 
distribution of moxifloxacin, ofloxacin and gatifloxacin into 
ocular tissues and plasma following topical ocular administration 
to pigmented rabbits. Invest Ophthalmol Vis Sci 45: E^ti-act 
4906, 2004. 
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Fig. 1. Comparison of lipophilicity versus MDCK cell permeability (F2) . 
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topical ocular doses of three times per day for 3 
days to pigmented rabbits (F6). Male Dutch-belted 
rabbits received a thorough slit-lamp biomicroscopic 
examinadon prior to dosing. Only rabbits with no 
ocular defects were randomized into tlie tliree test 
groups. There were 30-33 rabbits per group. Each 
rabbit received bilateral 30-til doses of VIGAMOX®, 
Ocuflox®, or Zymar® three times per day for 3 days. 
Doses were administered at 8 AM, 12 PM, and 4 PM 
on days 1 and 2; at 8 AM, 4 PM, and 12 AM on day 



3; and at 8 AM on day 4. Prior to euthanasia, blood 
from each animal was collected and centrifuged for 
the plasma fraction. Hiree treated animals per time 
point from each group (three eye pairs or n = 6 
eyes) were euthanized at 0.25, 0.5, 1, 2, 4, 8. 12, 24, 
48, 144, and 288 hours, followed by collection of 
aqueous humor, cornea, iris-ciliary body, and vitreous 
humor (0.25 hour was excluded from the latter two 
tissues). Sample weights were recorded and all sam- 
ples were frozen on dry ice prior to storage at - 70°G. 















Ofloxacin MIC50 S. aureus 





•Ofloxacin levels at 90 minutes were 

Rg. 2. Mean concentrations of fluoroquinolones ii 
ofloxacin (F5). 



the quantitation limit (0.5 ug/mL) 

ir fihn of rabbits after a single topical dose of moxifloxacm o 
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Animal Study: Ejfed of Cataract Surgay on Aqueous and Vitreous Humor Concentrations 
of Momfloxacin in Rabbits'^ 



Moxifloxacin in Aqueous Humor 
Mean Cone [flg/mL] ± SD 



Moxifloxacin in Vitreous Humor 
Mean Cone [Hg/mL] ± SD 



Nonsurgical group 



25.3 ± 16.8 

32.6 ± 20.1 

15.7 ± 15.0 



0.0668 ± 0.0592 
0.0666 ± 0.0863 
0.400 ± 1.0833 
0.0431 ± 0.1227 
0.2000 ± 0.631 
0.0544 ± 0.0497 



n = 18 eyes per arm; differences in moxifloxacin concentration in eyes between the surgical and nonsurgical group 
were compared using a Wilcoxon signed rank test An alpha of 0.05 was used to determine statisdcal significance. 
There were no significant differences between surgical and nonsurgical groups (P > 0.68). 



The analysis of drug concentrations in the tissues 
was performed by a reverse phase HPLC/fluorescent 
method. Ocular tissues were homogenized in water 
and moxifloxacin, ofloxacin, and gatifloxacin were 
isolated by extraction methods. Samples were ana- 
lyzed by reverse phase liquid chromatography. Lower 
limits of quantitation were: aqueous humor (0.0025 
Hg/ml for aU FQs). cornea (0.0174 ng/g for all FQs), 
iris-ciliary body (0.218 |J,g/g for moxifloxacin and 
ofloxacin; 0.0992 |ig/g for gatifloxacin), vitreous 
hiunor (0.00041 \ig/g for all FC^s), and plasma 
(0.0005 M-g/ml for all FQs) . Tlie results are presented 
in Table 6 and indicate that, as expected, all tliree 
fluoroquinolones penetrated into the eye. In all 
ocular tissues, moxifloxacin achieved the greatest 
maximal concentrations compared to ofloxacin and 
gatifloxacin. Gatifloxacin penetrated the least. Moxi- 
floxacin achieved levels that were four- to five-fold 
more tlian gatifloxacin and two- to four-fold more 
flian ofloxacin. All three compounds showed pro- 
longed retention in the pigmented iris-ciliary body 
due to melanin binding, as expected for fluoroqui- 
nolones. These results show that moxifloxacin is well 
absorbed into the anterior ocular tissues and can be 



found in die vitreous humor after topical ocular ap- 
plication to a level greater than either ofloxacin or 
gatifloxacin (F6). 

Penetration of Moxifloxacin and Gatifloxacin 
into Rabbit Aqueous Humor 

The purpose of this published study by Levine^^ 
from the University of Arizona was to evaluate tlie 
aqueous penetration of the fourth-generation fluor- 
oquinolones, moxifloxacin and gatifloxacin. Twenty 
New Zealand white rabbits were divided into two 
groups and dosed with commercial topical prepara- 
tions of moxifloxacin (VIGAMOX®) or gatifloxacin 
(Zymar®). Group 1 [keratitis protocol] received a 
dose every 15 minutes for 4 hours and the aqueous 
humor was sampled 10 minutes after last dose; group 
2 (cataract prophylaxis protocol) was dosed four 
times a day for 10 days and the aqueous humor was 
sampled 1 hour after the last dose in 12 eyes and 24 
hours after the last dose in 8 eyes. The concentrations 
of FQ in the aqueous samples were determined by 
HPLC. Results axe shown in Table 7. The keratitis- 
dosing regimen produced mean moxifloxacin con- 
centrations of 11.06 M-g/ml th^t was significantiy 



TABLE 6 



Animal Study Ruoroqmnolone Concentrations [Hg/mL orflg/g]* in Five, Rabbit Tissues FbUowing MuOiple* 
Topical OadarDoang ofVIGAMOl^, Zyma^, or Ocuflo)^ (F6) 



Moxifloxacin Ofloxacin Gatifloxacin 


Aqueous humor 


1.42 




0.60 




0.405 


± 0.135 


30 min 


0.310 


± 0.075 


60 min 


Cornea 


21.3 




8.6 


15 min 


8.01 


±2.79 


15 min 


4.9 


+ 0.70 


15 min 


Iris-ciliary body 


35.0 




6.6 


120 min 


10.0 


± 3.0 


120 min 


12.6 


± 3.3 


480 min 


Vitreous hxmior 


15.6 




18.4 


60 mm 


3.27 


± 5.36 


240 min 


2.79 


± 3.64 


60 min 




11.5 




2.2 




9.59 


± 2.41 


30 min 


6.80 


± 1.74 


30 min 



' Maximum concentrations (Cmax) were measured in Hg/mL for the aqueous and vitreous humors and plasma, and 
in |i.g/g for tlie corneas, and iris-dliary bodies. 

Dosed three times a day for 3 days plus one drop on the 4th day [10 drops total]; three treated animals per time 
point from each group (i.e., three eye pairs orn = 6 eyes); samples were taken at 10-11 timepoints; there were a total 
of 30-33 rabbits dedicated to each treatment group. 
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Animal Study: Mean Aqueous Bumrr Concentration of Moxifloxacin and Gatifloxacin FoUoioing Two 
Topical Ocular Dosing Re^mens in Rabbits'' 





Moxifloxacin 


Gatifloxacin 




Dosing Protocol n 


Mean Concentration 

(|lg/mL ± SD) SEM Range n 


Mean Concentration 

(Hg/mL ± SD) SEM 




Keratitis* 9 
Prophylaxis 6 


11.06 ± 3.55 1.18 7.66-18.87 8 
1.75 ± 1.17 0.48 0.92-3.87 6 


7.57 ± 2.22 0.78 
1.21 ± 0.72 0.29 


4.75-10.86 
0.44-2.14 



SD = standard deviation; SEM = Standard error of the mean. Statistical analyses of the aqueous antibiotic concentrations 
was performed using a 2-tailed ( test assuming equal variances. 

' Moxifloxacin concentration significantly higher that gatifloxacin (P = 0.030) in the keratitis dosing regimen. 
" No difference between concentrations of the two antibiotics (P = 0.359) m tlie prophyloxis dosing regimen. 



higher (p = 0.03) tlian tlie mean concentration for 
gatifloxacin of 7.57 Jig/ml. The 10-day cataract pro- 
phylaxis regimen yielded similar results of 1.75 |J.g/ml 
for moxifloxacin and 1.21 P-g/ml for gatifloxacin. 

HUMAN CUNICAL STUDIES 

Ocular penetration of moxifloxacin in humans was 
assessed in patients undergoing ocular surgery by 
monitoring drug concentrations in samples of aque- 
ous humor or vitreous humor. Conjunctival levels 
were also determined in a study in healthy volunteers. 

Penetration into Human Aqueous Humor 
Moxifloxacin and Gatifloxacin (Cataract) 

In studies by Katz et al*, (F7) (Krieger Eye Insti- 
tute), cataract patients were randomized to one oftwo 
groups (30 patients per group) (F7). For regimen 1, 
patients received moxifloxacin ophthalmic solution 
0.5% as one drop to the operative eye four times at 
15-minute intervals on the day of surgery. For regi- 
men 2, the patients received moxifloxacin ophthal- 
mic solution 0.5% as one drop to the operative eye 
four times at 15-minute intervals on the day prior 
to surgery plus four additional doses at 15-minute 
intervals on the day of surgery (F7). One sample per 
subject was collected at one of the following time- 
points: 0.25, 0.5, 1, 2, or 3 hours after the last dose. This 
unique study design aUowed researchers to calculate 
concentrations over time, to estimate an area under 
the inhibitory curve (AUIC). Table 8 gives the com- 
parative aqueous humor values for patients treated 
with VIGAMOX® or Zymar using this approach. The 
moxifloxacin aqueous humor Cmax was 2.3- to 3.1- 
fold higher than gatifloxacin and the AUCo-sh was 



" Katz HR, Lane S, Masket S, Sail K, Orr S, Foulkner R, Robert- 
son SM, Dahlia DC: Human aqueous concentrations of moxiflox- 
acin and gatifloxacin following two multipledose topical ocular 
dosing regimens with VIGAMOX® and Zymar. Invest Ophthalmol 
Vis Sci 46: E-Abstract 4907, 2005. 



significantly (P < 0.05) higher (>2-fold) tlian gati- 
floxacin for bodi regimens. These Cmax values (1.55- 
1.61 Hg/ml) were 25- to 30-fold above the median 
MIC for Staphylococcus aureus and Staphylococcus epider- 
midis isolates from clinical cases of endophdialmitis. 
Moxifloxacin concentrations were 16-20 times above 
the MIC for daese organisms even 3 hours after the last 
dose. There was no statistically significant difiference 
between regimen 1 and regimen 2 (p > 0.(35). The 
findings showed that the ocular penetration of moxi- 
floxacin is at least two-fold greater than gatifloxacin 
witii either regimen. 

Kim et al^ administered VIGAMOX® or Zymar® 
topically to the eyes of 50 cataract patients prior to 
their surgeries.® Dosage was one drop every 10 mi- 
nutes for four doses beginning one hour before sur- 
gery. At the time of surgery, a 30-gauge cannula on 
a tuberculin syringe was used to acquire the speci- 
mens of aqueous humor. Antibiotic concentrations 
were determined by HPLC. The mean concentration 
of moxifloxacin in the aqueous humors was 1.80 ± 
1.21 jlg/mL while that for gatifloxacin was 0.48 ± 0.34 
(Table 9). This tiiree-fold difference in antibiotic 
concentration fevoring moxifloxacin was statistically 
significant (P = 0.00003). 

Moxifloxacin (Vitrectomy) 

In another clinical study, Hariprasad et al' deter- 
mined moxifloxacin concentrations in aqueous 
humors of 20 vitrectomy patients following topical 
administration of moxifloxacin ophthalmic solution 
0.5% for 3 days at 2- or 6-hour intervals. Assays were 
performed using HPLC. The mean moxifloxacin 
concentrations in the aqueous humor are shown in 
Table 9. The mean concentrations were 2.28 and 
0.88 lJ.g/ml for the 2- and the 6-hour intervals, respec- 
tively for die aqueous humor. These values were sig- 
nificantiy different (P = 0.01, t-test, two-tailed 
homoscedastic function). The moxifloxacin MICgoS 
were far exceeded for a wide spectrum of pathogens 
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via Two Treatment Regimms^ (F7) 


ito A.^u£&us MurnoT 


Moxifloxacin 


Gatifloxacin 


Time Regimen 1 Regimen 2 


Regimen 1 Regiinen 2 


Gmax (|xg/mL) ± SD L55 ± 0.86 L61 ± 0.71 
Tmax (min) 30 120 
AUCo-3 (ixg/mL) ± SE 2.99 ± 0.28 3.97 ± 0.44 


0.74 ± 0.66 0.91 ± 0.54 

30 60 
1.79 ± 0.21 1.58 ± 0.23 



SE = standard error; SD =standard deviation. 

Regimen 1: Dosed 1 drop evcij 15 min for four doses prior to surgery [four drops total]. 

Regimen 2: Dosed 1 drop every 15 min for four doses prior to surgeiy plus four doses the day prior to sui-gery [eight 
drops total], 

n = 30 for each of the four ti eatment groups; 120 aqueous humor samples were collected, 60 from patients randomized 
to each fluoroquinolone with 30 at each dosing regimen. 

Moxifloxacin regimen 1 was significantly better than gatifloxacin regimen 1 (P < 0.05). 
Moxifioxacin regimen 2 was significantly better than gatifloxacin regimen 2 (P < 0.05). 



including Staphylococcus epidermidis, S. aureus, Strepto- 
coccus pneuvwniae, S. pyogenes, Propionibacterium acnes, 
Haemophilus in fluenzae, and Escherichia coli. 

Moxifloxacin and Gatifloxacin (Phacoemulsification) 

McCuUey, Aronowicz and co-investigators at the 
University of Texas Soutliwestern Medical Center 
determined tlie aqueous humor concentrations of 
moxifloxacin and gatifloxacin after five topical doses 
in humans undergoing plaimed phacoemulsification 
and lOL insertion (F8, F9, FIO). Forty-six patients 
were dosed with one drop QID 1 day before surgery 
and one drop 1 hour prior to surgery. Aqueous 
humor samples were collected, frozen and subse- 
quently analyzed byHPLC to determine the concen- 
tration of FQ, All participants were masked 
throughout the investigation. The results are given 
in Table 9. In their 46-patient study, Aronowicz et al 
(F8) showed that moxifloxacin accumulated at levels 
twice diat of gatifloxacin in tlie aqueous humor: 1.86 
± 0.23 M-g/ml for moxifloxacin vs. 0.94 ± 0.15 M-g/ 
ml for gatifloxacin; P = 0.001. 

Moxifloxacin, Ciprofloxacin, and Ofloxacin (Cataract) 

In this study, Solomon et al" compared moxiflox- 
acin, ciprofloxacin, and ofloxacin in a double-masked 



™ Aronowicz JD, Shine W, McCuUey JP: Aqueous humor con- 
centrations of fourth-generation fluoroquinolones in humans. 
Invest Ophthalmol Vis Sci 46: E-Abstract 5051, 2005. 

McGuUey JP, Surratt G, Shine W: 4* generation fluoroquino- 
lone penetration into aqueous humor in humans. Invest Ophtlial- 
mol Vis Sci 45: E-Abs& act 4927, 2004. 

McCuUey JP, Shine WE: Comparative penetration of 2 
fourth-generation fluoroquinolones into the aqueous humor of 
humans. Presented as Paper PA077 during the Oct 2S-26, 2004 
Cataract Free Paper Session of the American Academy of Ophthal- 
mology Meeting in New Orleans, LA 



cataract patient study involving 52 cataract patients 
receiving one of die three antibiotic products four 
times a day for 3 days prior to surgery and an addi- 
tional four doses at 15-minute intervals in the hour 
prior to surgery (16 total doses) . Aqueous humor (0.1 
ml) was collected during the surgical procedure. The 
aspirate was immediately frozen at -70°C. Fluoroqui- 
nolone concentrations were determined by reverse 
phase HPLC. The mean aqueous humor drug 
concentrations are shown in Table 9. Botii moxiflox- 
acin (P < 0.001) and gatifloxacin (P < 0.005) pene- 
trated into the aqueous humor significandy better 
than ciprofloxacin, while moxifloxacin also 
penetrated into the aqueous better than gatifloxacin 
(P < 0.05). 

Summary of Aqueous Humor Penetration 

A summary of the findings from 1 3 aqueous humor 
clinical studies is shown in Table 9. 

Penetration into Human Vitreous Humor 

In the Hariprasad etal study,' moxifloxacin con- 
centrations were also determined in die vitireous 
humors of 20 vitrectomy patients following topical 
administration of moxifloxacin ophthalmic solution 
0.5% for 3 days at 2- or 6-hour intervals.' The 
mean moxifloxacin concentrations were 0.11 and 
0.06 ^g/ml in the vitreous humor for the 2- and 6- 
hour regimens, respectively (Table 9). Tliese values 
were not significandy different (P = 0.08, t-test, 2- 
tailed homscedastic function). These concentirations 
did not exceed the MICgoS for these organisms but did 
exceed the MICso values. In con0:7ist, Lott showed that 
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TABLE 9 

SumTucay of Human Gmical Studies: Penetration of Moxifloxacin, Gatifloxacin, Ciprofloxacin, 



and Ofloxacin into Human Aqueous Humor 



Reference 


Patients 


Topical Dosage 
P 6 


Fluoroquinolone 
Aqueous Humor 
Concentradon [l^/mL 


Moxifloxacin 0.5% (VIGAMOX®) 






Hariprasad 2005^ 


9 Vitrectomy 


1 drop every 2 hours for 3 days prior 


2.28 ± 1.23 






to surgery (43 drops) 




Hariprasad 2005' 


10 Vitrectomy 


1 drop every 6 hours for 3 days prior 


0.88 ± 0.88 


Kim 2005* 




to surgery (22 drops) 




25 Cataract 


1 drop every 10 minutes prior 


1.80 ± 1.21 






to surgery (4 drops) 


1.31 ±0.46 


Solomon 2005'* 


14 Cataract 


4 times/day for 3 days and 3 doses 1 hour 






before surgery (15 drops) 


1.86 ± 0.23 


Aronowicz 2005 (F8) 


23 Phaco/IOL 


4 times/day for day before surgery and 1 hour 






before surgery (5 drops) 




Katz 2005* 


60 Cataract 


Regimen 1: 4 drops pre-surgery (4 drops) 


1.55 ± 0.86 


Katz 2005* 


60 Cataract 


Regimen 2: 4 times/ day for day before surgery 


1.61 ± 0.71 






and 4 drops pre-surgery (8 drops) 




Gatifloxacin 0.3 % (Zyi 


aar®) 






Chu 2004(F13) 


25 cataract 


4 times/day for 3 days and 1 drop every 15 minutes 


1.10* 






for 1.5 hours prior to surgeiy (18 drops) 


0.48 ± 0.34 


Kim 2005* 


25 Cataract 


1 drop eveiy 10 minutes prior to surgeiy (4 drops) 


Price 2005" 


10 Cataract 


4x/day for 2 days before surgery and 1 drop every 


1.26 ± 0.55 


Solomon 2005" 




10 minutes 1 hour before surgery (14 drops) 




16 Cataract 


4 times/ day for 3 days and 3 drops 1 hour before 


0.63 ± 0.30 






surgery (15 drops) 




Aronowicz 2005 (F8) 


23 Phaco/IOL 


4 times/ day for 1 day before surgery and 1 horn- 


0.94 ± 0.15 






before surgery (5 drops) 


0.74 ± 0.66 


Katz 2005* 


60 Cataract 


Regimen 1: 4 drops pre-surgery (4 drops) 


Katz 2005* 


60 Cataract 


Regimen 2: 4 times/day for day before surgery 


0.91 ± 0.54 






and 4 drops pre-surgery (8 drops) 




Ciprofloxacin 0.3% (Ciloxan®) 




0.44 ± 0.07 SEM 


ceidc iggg'' 


18 Vitrectomy 


Durmg 6 hours before surgery: 2 drops every 




30 minutes for 1" 3 houi's and every 








60 minutes for next 3 hours (9 drops) 




Solomon 2006'* 


22 Cataract 


4 dmes/day for 3 days and 3 doses 1 hour 


0.15 ± 0.11 






before surgery (15 drops) 


0.072* 


Donnenfeld 1994* 


12 Cataract 


2 drops 90 minutes preop and 2 drops 30 minutes 






postop (4 drops) 


0.11 ± 0.04 


Perry 2004(F14) 


14 Cauract 


4 times/day for 3 days prior to surgery plus every 






15 minutes 1 hour prior to surgery (16 drops) 




Ofloxacin 0.3% (Ocuflox®) 




Cekic 1998' 


14 Vitrectomy 


During 6 hours before surgery: 2 drops every 


1.44 ± 0.24 SEM 






30 minutes for 1" 3 hours and every 60 minutes 








for next 3 hours (9 drops) 




Donnenfeld 1994* 


12 Cataract 


2 drops 90 minutes preop and 2 drops 30 minutes 


0.338 






postop (4 drops) 


0.31 ± 0.62 


Perry 2004(F14) 


15 Cataract 


4 times/day for 3 days prior to surgery plus every 






15 min 1 hour prior to surgeiy (16 drops) 




Levofloxacin 0.5% (Qu 


ixin®) 






Yamada 2002'^ 


20 Cataract 


3 drops every 15 minutes 90 miaiutes 


1.00 ± 0.48 






presurgery (18 drops) 


0.49 ± 0.79 


Peny 2004(F14) 


14 Cataract 


4 times/day for 3 days prior to surgery plus 




every 15 minutes 1 hour prior to surgery (16 drops) 





SEM = standard error of mean. 
' SD, SEM, or SE not reported. 



the vitreous concentration of oizSiy administered 
moxifloxacin (two 400-mg doses during 18 hours 
prior to surgery) produced mean levels in the vitre- 
ous of 0.86 p.g/ml in nine patients (FIX). 



Penetration into Human Conjunctivae 

A recent, unique pharmacokinetic study by Wagner 
and associates" (F3). Healthy volunteers were adminis- 
tered a single drop of either moxifloxacin 0.5% 
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TABLE 10 



Human Study: Concentratimi of 5 Ruoroquinolones in Human Conjunctivae FoUomng Topical Dodng 







Mean FQ Cone h 


n Human Conjuncti 


v-ae [Hg/g ± SD] 




Reference 


Moxifloxacin 


Gatifloxacin 


Ciprofloxacin 


Levofloxacin 


Ofloxacin 


Wagner 2005" (F16) 


18.00 ± 16.4 


2.54 + 2.99 


2.65 ± 2.01 


2.34' 


1.26 ± 0.88 


Number of patients 


15 


14 


12 


12 


13 



' Standard deviation, standard error of the mean, or standard error not reported. 



TABLE 11 

Summary of Human Clinical Studies: Topical Penetration of Moidfloxacm, Ciprofloxacin 
and Ofloxacin into Human Vitreous Humor 



Fluoroquinolone 
Viti-eous Humor 

Reference Patients Topical Dosage Concentration (ig/mL* 



Moxifloxacin 0.5% 


10 vitrectomy 


1 drop every 2 hours for 3 days 


0.11 


± 0.05 


(\aGAMOX®) 




prior to surgery (43 drops) 






Hariprasad 2005' 










Hariprasad 2005' 


9 vitrectomy 


1 drop every 6 hours for 3 days 
prior to surgery (22 drops) 


0.06 


±0.06 


Ciprofloxacin 0.3% 


18 vitrectomy 


During 6 hours before surger)': 


0.22 


± 0.04 (SE) 


(Ciloxan®) 




2 drops every 30 minutes for 
1*' 3 hom-s and every 60 minutes 
for next 3 hours (9 drops) 






Cekic 1999^ 








Ofloxacin 0.3% 


14 vitrectomy 


During 6 hours before surgery: 


0.37 


± 0.05 (SE) 


(Ocuflox®) 




2 drops every 30 minutes for 
1" 3 hours and every 60 minutes 
for next 3 hours (9 drops) 






Cekic 1998' 









SE = standard error. 
Mean FQ. Cone in (ig/mL ± SD unless otherwise indicated. 



(VIGAMOX®), ciprofloxacin 0.3% (Ciloxan® [Alcon 
Laboratories, Inc., Fort Worth, TX]), gatifloxacin 
0.3% (Zymar®), ofloxacin 0.3% (Oculoflox®), or lev- 
ofloxacin 0.5% (Quixin®) topically. Conjunctival bi- 
opsies were taken from the dosed eye (one each from 
temporal and nasal regions of the inferior cul de 
sac) 20 minutes post-dose. The biopsy and analytical 
methods used in diis study represent a novel, safe 
and accurate technique for obtaining conjunctival 
tissue antibiotic concenti ations. The specimens were 
analyzed by a dual analyte reverse phase HPLC 
mettiod. Subjects were also followed for 1 week. The 
mean achievable tissue concentrations obtained in 
tlie conjunctivae are given in Table 10. The mean 
concentration (Cmax) of moxifloxacin in the 
conjunctiva 20 minutes post dose was approximately 
18 Jig/g as compared to 2.5 p.g/g with gatifloxacin. 
This concentration for moxifloxacin was sbc- to 14- 
fold higher than that achieved for either ciprofloxa- 
cin (6.8-fold), gatifloxacin (7.1-fold), ofloxacin (14.6- 
fold), or levofloxacin (7.7-fold). The conjunctival 



Lott MN, Fuller JJ, Robertson SM, Curtis MA. Dahlix DC, 
Singh H, Marcus DM: Vitreous penetration of orally-administered 
moxifloxacin in humans. Invest Ophthalmol Vis Sd 46: E^Absttact 
4896, 2005. 



levels of moxifloxacin were statistically significantiy 
higher than those of the other four FQs (P < 0.001). 
There was no statistically significant difference be- 
tween the conjunctival concentrations of the other 
four FQs when moxifloxacin was excluded from the 
analysis (P = 0.3549). The investigators suggest tiiat 
die enhanced penetration may result from moxi- 
floxacin's high biphasic solubility (both lipophilic 
and aqueous solubility). 



Discussion/Conclusions 
Data across multiple in vitro, ex vivo, animal and 
human clinical studies consistently demonstrate a 
trend of superior ocular penetration of moxifloxacin 
compared to other topical fluoroquinolones. This 
publication includes the major findings and conclu- 
sions of previously published or abstracted work as 
well as original data collected by Alcon. 

In vitro and ex vivo studies indicate that this differ- 
ence is due to the molecular structure of moxifloxa- 
cin and specifically its high lipophilicity combined 
with ite high aqueous solubility. Moxifloxacin is un- 
usual among fourdi-generation fluoroquinolones 
in having a bicyclic amine side chain at the C7 
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position, conferring hydrophilicity along with lipo- 
philicity. In in vitro/ ex vivo models, moxifloxacin pen- 
etiated corneal tissues 3.6-fold better than 
gatifloxacin and two-fold faster. VIGAMOX® 
maintained corneal integrity better than Zymar®. 
Moxifloxacin was the most lipophilic fluoroquino- 
lone of tlie seven fluoroquinolones tested and 
showed the greatest aqueous solubility. The presence 
of tire bulky bicyclo amine substituent inhibits the 
bacterial active efflux pump (F12). As a result, moxi- 
floxacin has sufficient lipophilicity to readily cross the 
corneal epithelium while simultaneously it has high 
aqueous solubility and potency at physiological pH. 
For example, moxifloxacin has an aqueous solubOity 
at pH 7 of up to at least 3.0%. In contrast, the maxi- 
mum solubiUty of ciprofloxacin at this pH is about 
O.OI %. The high solubility of moxifloxacin results in 
higher tear film concentrations providing a driving 
force (concentration gradient) for corneal uptake. 

Various in vivo animal and human clinical studies 
support the fact that moxifloxacin penetrates ocular 
tissues better than otlier fluoroquinolones when in- 
stilled topically. In ttie single-dose animal studies, 
the instillation of a single drop topically of a 0.3% 
solution of moxifloxacin achieved maximum levels 
in die rabbit cornea, aqueous humor and ii is-ciliary 
bodies of 12.5, 1.8, and 13.5 iig/m\ or g, respec- 
tively. Concentrations of moxifloxacin were typically 
two-fold higher than the corresponding values for 
ofloxacm and remained two-fold higher throughout 
the study. Moxifloxacin concentration in the cornea 
was 0.25 |lg/g at 48 hours, or about four-fold above 
the MIC for methicillin-susceptible Staphylococcus 
aureus. In contrast, ofloxacin corneal concentra- 
tions were below its MIC threshold by 8 hours. The 
mean moxifloxacin tear film concentration at the ini- 
tial 10-minute time-point was 366 ng/ml and re- 
mained at or above 1 H-g/ml for up to at least 6 hours 
post-dose. Plasma concentrations of botli drugs were 
low (0.01 fig/ml or less) and declined rapidly. Moxi- 
floxacin exhibited a better penetration profile than 
ofloxacin which penetrates better than ciprofloxa- 
cin. Maximal moxifloxacin levels in ocular tissues 
were typically two-fold higher tiian ofloxacin levels 
and generally remained higher than those of ofloxa- 
cin over time. In the cornea, moxifloxacin levels were 
about four-fold higher tlian the MICbqs for MRSA 
strains even at 48 hours post-dose, whereas ofloxacin 
levels fell below its MIC50 by 8 hours. After topical 
dosing, tear film concentrations of moxifloxacin re- 
mained higher (seven- to 10-fold) than ofloxacin over 
time. Ofloxacin levels at 90 minutes were below the 
quantitation limits, but moxifloxacin remained at or 



Avelox® Package Insert, Bayer Pharmaceuticals Corpora- 
tion. 2004. 



above 1 (ig/ml up to the last time point at 6 hours. 
Systemic exposure was low following topical ocular 
administration. Based on plasma levels determined in 
toxicology and clinical studies at well tolerated doses, 
0.3% moxifloxacin solution has a wide margin of 
safety. 

In multidose animal studies by Robertson, moxi- 
floxacin exhibited a better penetration profile tiian 
gatifloxacin or ofloxacin (Fl). Maximal moxifloxa- 
cin levels in the ocular tissues were typically diree- to 
six-fold higher than ofloxacin or gatifloxacin. Upon 
topical instillation, moxifloxacin achieved levels of 
0.2 to 0.4 |ig/ml in the vitreous humor in animals 
or 0.06 to 0.11|Xg/ml in humans. These levels were 
considerably lower than those obtained in die 
aqueous in Uiese smdies, but exceeded MIC50 
for moxifloxacin against Staphylococcus epidermidis, 
S. aureus, Streptococcus pneumoniae, Haemophilus in- 
fluenzae and otiier gram-negative bacteria. Although 
MlCs are related to tlie eflicacy in die treatment or 
prevention of infection, they are not always pre- 
dictive. For example, even though moxifloxacin has 
a liigher MIC against Pseudomonas aeruginosa, in vivo 
infections smdies at WUmer Eye Institute have shown 
tiiat topical moxifloxacin 0.5% was as effective as 
ciprofloxacin 0.3% in treating infections witli tliis 
particularly troublesome organism.' 

These topical penetration studies in animals fairly 
well predicted what liappens in humans. The rabbit 
data dearly give an edge to moxifloxacin as the flu- 
oroquinolone that penetrates the best into die aque- 
ous after topical treatment. This is also seen in the 
human clinical trials summarized in Tables 10 and 
11. Aldiough there are some low accumulations of 
fluoroquinolones in the vitreous humor via die topi- 
cal route, die concentrations are at or near the MICs 
of susceptible stiains of pathogens, but the levels are 
not high enough for tiierapeutic considerations 
(Table 11 ).^'^'' Nevertheless, diere is extensive pene- 
tration of moxifloxacin into the human conjunctiva 
after topical instillation (Table 10)^^ (F3). This is not 
surprising, since Gipson demonstrated the similarity 
of the cell-to-cell and cell-tcnsubstirate junctions be- 
tween cornea and conjunctiva.® 

The concentration of fluoroquinolone present in 
commercial products certainly influences relative po- 
tency of products. Upon topical administration of 
moxifloxacin ophthalmic solution 0.5%, moxifloxa- 
cin peneti-ates ocular tissues more extensively dian 



Chu Y: Penetration of gatifloxacin ophlhalmic solution 0.3% 
into aqueous humor of patients undergoing cataract surgery. 
Invest Ophthalmol Vis Sci 45: E-Abstract 4007. 2004. 

^* Perry HD, Donnenfeld E. Bloom A. Snyder R. Lewne J, 
Mychajlyszyn J, Greenman H, Solomon R: Aqueous humor concen- 
trations of topically applied fluoroquinolones. Invest Ophthalmol 
Vis Sci 45: EJVbstract 4932, 2004. 
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Other topical fluoroquinolones, giving substantial 
and prolonged aqueous humor, corneal, iris-ciliary 
body, and tear concentrations well above the MICs 
for common ocular pathogens.^" The higher concen- 
tration of moxifloxacin in the commercial prepara- 
tion (i.e., VIGAMOX® widi moxifloxacin at 0.5%) 
compared to 0.3% gatifloxacin in Zymar®, 0.3% ci- 
profloxacin in Ciloxan®, or 0.3% ofloxacin in Ocu- 
loflox also enhances its penetration. 

Method of Literature Search 

We performed an international literature search 
for this article based on MEDLINE database searches 
from 1990 to 2005, using varying combinations of 
the search terms: moxifloxacin, flvmoquinohnes, ocular 
penetration, aqueous humor. All relevant journal articles 
and/or abstracts were selected for review. English 
abstracts were used for iion-English papers. Recent 
papers presented at ARVO were also included for 
completeness. 
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Abstract. Topical treatment of ocular bacterial infection is practiced widely, and the choice of the 
antibacterial agent depends on the nature of the infection, including the susceptibility of the organism, 
the tissue affected, and the safety profile of the agent Moxifloxacin is a fourth-generation 
fluoroquinolone approved for ophthalmic use as moxifloxacin ophthalmic solution 0.5% (VIGAMOX®, 
Alcon, Fort Worth, TX). Moxifloxacin ophthalmic solution 0.5% is self-preserved at a near-neutral pH 
of 6.8. In treating ocular infection, the three important aspects of therapeutic control are potency, 
penetration of the drug to the target site, and safety of the drug and the drug product. Moxifloxacin 
ophthalmic solution 0.5% provides antibacterial potency and high penetration of target ocular tissues. 
The ocular and systemic safety profile of moxifloxacin compares favorably with those of other 
fluoroquinolone antimicrobial agents, with a low risk of recognized quinolone-related toxicity. In vitro 
studies of fluoroquinolones with human or rabbit corneal epithelial cells or keratocytes suggest that 
moxifloxacin is similar in cytotoxicity potential to other drugs of this family. Specialized in vivo corneal 
wound-healing studies draw litde distinction between moxifloxkcin-treated eyes and those treated 
with other fluoroquinolones. Repeated-dose topical ocular studies in rabbits and monkeys, with high 
concentrations (up to 3%) of moxifloxacin and at treatment durations and regimens well in excess of 
label-prescribed use, demonstrated a high safety margin for ocular and extraocular tissues. Cornea, 
the tissue with highest exposure, was found to be unaffected by these high exposures, with slit-lamp 
biomicroscopy, corneal thickness measurement, intraocular pressure, and specular microscopy of the 
corneal endothelium (monkeys only), and histologic evaluation showing no effects, as compared 
with controls. Moxifloxacin ophthalmic solution 0.5% affords superior efficacy and ocular tissue 
penetration, witii a favorable safety profile. (Surv Ophtfaalmol 50:S46-S54, 2005. © 2005 Elsevier 
Inc. All rights reserved.) 



Keywords, fluoroquinolone • moxifloxacin • nonclinical safety • safety pharmacology • 
toxicity . A^GAMOX® 



Drug safety is assessed through a rigorous nonclini- 
cal testing program in drug development. It is es- 
timated that five new medicinal entities advance to 
testing in humans out of 5,000 candidate drugs, and 
only one of these five may ultimately gain regulatory 



approval. Nonclinical assessment includes efficacy and 
safety pharmacology, pharmacokinetics/metabolism, 
and toxicology studies. Fluoroquinolones are gener- 
ally considered safe and well tolerated, as compared 
with olher commonly prescribed antimicrobials.® 
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TABLE 1 



Product Synopsis: Ophthalmic Fluoroquinolones* 





Ciloxan® 


Ocuflox® 


Quixin® 


VIGAMOX® 


Zymar^ 


Drug 


Ciprofloxacin 


Ofloxacin 


Levofloxacin 


Moxifloxacin 


Gatifloxacin 




0.3% 


0.3% 


0.5% 


0.5% 


0.3% 


Benzalkonium chloride 


0.006% 


0.005% 


0.005% 


- 


0.005% 


Edetate disodium 


0.05% 


- 


- 


- 


+ 


Sodium chloride 


+ 


+ 


+ 


+ 


+ 


Sodium acetate 


+ 


— 


— 




— 


Acetic acid 


+ 


- 


- 


- 


- 


Boric acid 


— 


— 


- 


+ 


- 


Mannitol 


4.6% 








- 


pH 


4.5 


6.4 


65 


68 




Osmolality 


300 


300 


300 


290 


260-330 


Dose regimen initial 


Days 1 and 2: 


Days 1 and 2: 


Days 1 and 2: 


1 drop t.i.d., 


Days 1 and 




1-2 drops 


1-2 drops 


1-2 drops 


7 days 


2: 1 drop 


Follow-up 


every 2 hours 


every 2-4 hours 


every 2 hours 


(SSiiL drop) 


eveiy 2 hours 


Days 3-7: 


Days 3-7: 


Days 3-7: 


Days 3-7: 




1-2 drops 


1-2 drops 


1-2 drops 




1-2 drops 




every 4 hours 


4 times a day 


4 times a day 






Plasma C^ax (ng/mL) 


2.5 


1.9 


2.25 


2.7 


<5 ^ 



+ = present in the product, concentration not specified; — = not present in the product; Cma^ = peak concentration 
achieved in the tissue. 

* PDR Electronic Library Online: Thomson MICROMEDEX, http://www.thomsonhc.com/pdrel/librarian/ND PR/ 
Pdr, 2004. 



Structural refinements have improved the safety and 
efficacy profiles of the new fourth-generation fluor- 
oquinolones (i.e., moxifloxacin, gatifloxacin, and 
trovafloxacin) . The approval of moxifloxacin oph- 
thalmic solution 0.5% (VIGAMOX®, Alcon, Fort 
Worth, TX) and gatifloxacin ophthalmic solution 
0.3% (Zymar®, Allergan, Irvine, CA) by the US Food 
and Drug Administration in 2003 added two powerfiil 
fourth-generation fluoroquinolones to the oph- 
thalmologist's armamentarium. These new drugs 
offer high potency against ocular pathogens, with 
spectrum advantages over the earlier-generation 
ophthalmic fluoroquinolones ciprofloxacin ophthal- 
mic solution 0.3% (Ciloxan®, Alcon), ofloxacin oph- 
thalmic solution 0.3% (Ocuflox®, Allergan), and 
levofloxacin ophthalmic solution 0.5% (Quixin, Vis- 
takon, Jacksonville, FL) . Moxifloxacin ophthalmic so- 
lution 0.5% is an iso-osmotic solution containing 
0.5% moxifloxacin, boric acid, and sodium chloride, 
with an approximate pH of 6.8. Moxifloxacin oph- 
thalmic solution 0.5% is self-preserved, with no 
designated preservative added (FI). Gatifloxacin 
ophthalmic solution 0.3% contains gatifloxacin at a 
concentration of 0.3%, with benzalkonium chloride 
0.005% as a preservative, ethylenediaminetetra-acetic 
acid, and sodium chloride. The solution is approxi- 
mately pH 6 (no pH buffer added) and iso-osmotic. 
A synopsis of product characteristics is presented in 

^' Schlech BA, Sutton S, Rosenthal RA, et al: Antimicrobial pre- 
servative effectiveness of VIGAMOX®™ (abstract). Invest Ophthal- 
mol Vis Sci 45(Suppl):4913, 2004. 



Table 1. Moxifloxacin ophthalmic solution 0.5% and 
gatifloxacin ophthalmic solution 0.3% combine the 
advantages of high local concentrations of antibiotic 
at the site of action with low systemic exposure 
levels after therapeutic use. Plasma drug levels associ- 
ated with topical dosing are about 1,000-fold below 
those encountered with systemic use of fluoroquino- 
lones. Therefore, these factors suggest that the topi- 
cal application of these antibiotics do not contribute 
to systemic toxicity or the development of antimicro- 
bial resistance. 

Nonclinical Studies 

Nonclinical studies conducted to assess the safety 
of moxifloxacin summarized here include safety 
pharmacology studies on major physiological systems 
and drug interaction potential, and toxicology stud- 
ies to identify target organs and estimate safety 
margins. 

SAFETY PHARMACOLOGY STUDIES 

Safety pharmacology studies profiled efifects of 
moxifloxacin on major organ s)«tems, with particular 
attention to those known to be most affected — ^for 
example, the central nervous system, gastrointestinal 
tract, and cardiovascular system. Selected safety phar- 
macology study results are summarized in Table 2. 
The safety margins determined in these studies 
ranged from 400- to 7,000-fold, providing strong sup- 
port that ophth^limc use of moxifloxacin is unlikely 
to result in significant adverse effects in hvimans. 
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TABLE 2 

Safety Pharmacology Studies for Moxifloxacin 



System/Study Type 



Species/Route 



No Effect Dose 



Central nervous system 

Analgesia 

Sensorimotor 

Convulsant 

Psychomotor 
Gastrointestinal 

Gastric acid secretion 

Indomethacin-induced erosin 

Acetylcholine, serotonin, histamine, 
BaQg-induced spasm 
Cardiovascular 

HERG channel (repolarization) 

Papillary muscle 

Isolated cardiac myocyte assay 

Torsades-de-pointes model 

EGG (QT/QTc interval) 

Renal 

Urine volume and electrolyte excretion 



Respiratory 
Pulmonary resistance, lung compliance, 

and respiration rate 
HR, BP, respiration rate, pulmonary 

function 
Other 
Blood glucose levels 



Mouse/oral 
Mouse/oral 
Mouse/oral 
Rat/oral 

Rat/intraduodenal 
Rat/oral 

Guinea pig ileum/ in 



CHO cells/ in vitro 
Guinea pig/ in vitro 
Guinea pig/ in vitro 
Rahbit/IV 
Dog/IV 

Monkey/intraduodenal 



Rat/oral 
Rat/IV 



Guinea pig/oral 
Guinea pig/IV 

Rat/rV 



100 mg/kg 
30 mg/kg 
30 mg/kg 
30 mg/kg 

100 mg/kg 
100 mg/kg 
10 ng/mL 



30 (XM 
50 nM 
50 nM 

120 mg/kg in 1 hour 
10 mg/kg 
100 mg/kg 

100 mg/kg 

10 mg/kg (small change 
in K"^ at 30 mg/kg) 

100 mg/kg 

10 mg/kg 



30 mg/kg 



> 1,300 X 

> 1,300 X 

> 1,300 X 

>4,300 X 
>4,300 X 
>3,000 X 



>4,000 X 
> 7,000 X 
>7,000 X 
>5,000 X 
>430x 
>4,300 X 

>4,300 X 
>430x 



>4,300 X 
>430x 

> 1,300 X 



BP = blood pressure; CHO = Chinese hamster ovary; ECG = electrocardiogram; HERG = human ether-a-go-go- 
felated gene; HR = heart rate; IV = intravenous. 

* That elicited no statistically or biologically significant pharmacologic response. 

+ Ratio of no effect dose (mg/kg) to clinical dose (0.023 mg/kg), (based on 100% absorption of 1 drop 0.5% 
mojdfloxacin solution, both eyes, three times a day, to a 50 kg patient) for the in vioo studies, or mean clinical C^ax (2.7 



ng/mL) for in vitro studies using exposure by 



(MM or Mg/mL). 



Moxifloxacin produced no overt central nervous 
system effects in rats or mice at a 30-mg/kg dose in 
a battery of central nervous system screening studies 
for analgesia, convulsant, sensorimotor, and psycho- 
motor activity. Sedation was observed in rodents at 
the highest oral dose tested (100 mg/kg), with no 
effect observed at 30 mg/kg. 

Fluoroquinolone antibiotics are recognized to pro- 
duce prolongation of the QTc interval of the elec- 
trocardiogram, and in vitro and in vivo studies were 
conducted to assess this potential for moxifloxacin. 
These studies were performed by Alcon and Bayer 
in support of the US New Drug Application of VIGA- 
MOX® and included guinea pig papillary muscle 
action potential duration, canine Purkinje fiber 
action potentials, patch clamp studies, human ether- 
a-go-go-related gene (HERG) channel studies, a 
special rabbit model of torsades de pointes, and elec- 
trocardiogram assessments in dogs and monkeys. 
Intravenously infused moxifloxacin (10 mg/kg) 



produced no electrocardiogram changes in dogs, and 
no significant human ether-a-go-go-related gene 
channel inhibition was observed with high concentra- 
tions of moxifloxacin.^' Safety pharmacology studies 
thus demonstrated high therapeutic indices for physi- 
ological systems of concern with fluoroquinolone 
use, emphasizing the benefit of local antibacterial 
efficacy with minimal systemic risk. 

TOXICOLOGY STUDIES 

Toxicology studies were conducted to establish the 
pharmacotoxicological profile of moxifloxacin, to 
assure safe use in clinical trials and to support drug 
safety for worldwide marketing applications. Systemic 
toxicity studies conducted by Bayer established the 
safety profile for moxifloxacin in support of oral and 
intravenous drug products (Avelox®, Bayer). Addi- 
tional studies were conducted by Alcon to assess safety 
with topical ophthalmic use. Further investigations 
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relating to special-use situations have been reported 
in published Hterature. The systemic and general tox- 
icology profile of moxifloxacin has been described.^® 
Principal target organs were identified as the liver, 
heart, central nervous system, and bone marrow. "No 
effect" doses were well in excess of therapeutic doses 
for systemic use and generally ranged from 30 to 
100 mg/kg/day. Toxicity specifically associated with 
fluoroquinolones (e.g., phototoxicity, arthropathy, 
electrocardiogram changes) was observed only at rel- 
atively high doses (>30 mg/kg). No effects were ob- 
served on fertility, reproduction, or embryo-fetal 
development at doses of 30 mg/kg or below. Geno- 
toxic effects were seen in some assays, but these ef- 
fects are common to all fluoroquinolones and related 
to the antimicrobial mechanism of action of the drug. 
An accelerated carcinogenicity bioassay suggested no 
tumorigenic activity. 

OCULAR STUDIES 
In Vivo Studies 

Drug exposure by topical ophthalmic use is low 
compared with systemic doses. The plasma peak con- 
centration achieved in the tissue for systemic therapy 
is 4^5 p,g/mL, whereas the average highest plasma 
concentrations in subjects receiving topical moxi- 
floxacin ophthalmic solution 0.5% is reported to be 
2.7 ng/mL — a difference of more than 1,000-fold. 

An eyedrop delivers an initial concentration of 
drug equivalent to that of the product. It is estimated 
that most of an administered eyedrop is lost to drain- 
age in the first 15 to 30 seconds after instillation.^' 
The tear turnover rate is approximately 16% per 
minute, so that nearly all of the drug is expected to 
disappear within 10 minutes after dosing. Maurice 
and Mishima estimated that the instilled drug is di- 
luted in the tear fluid, and after drainage of excess 
fluid, the drug concentration averages about one 
third of the original drop.^* Robertson et al showed 
that the concentration of moxifloxacin in tears fol- 
lowing a single dose of moxifloxacin ophthalmic solu- 
tion 0.5% in rabbits was approximately 400 |ig/mL 
initially, but dropped to 1-10 |a.g/mL by about 30 
minutes post-instillation (F2). Thus, exposure of 
ocular tissue, including corneal epithelium, to the 
drug at the product concentration -vAW be very 
short-lived. 

Nonclinical studies to assess the safety of moxiflox- 
acin ophthalmic solution were conducted in rabbits 
and monkeys by the clinical route of administration. 
In these studies, standard animal models were used 



^ Robertson SM, Sanders M, Jasheway D, et al: Penetration and 
distribution of moxifloxacin and ofloxacin into ocular tissues 
and plasma following topical ocular administration to pigmented 
rabbits (abstract) . Invest Ophthalmol Vis Sci 44(Suppl) :1454, 2003. 



with high exposure to the drug (by increased drug 
concentration, dose regimen, and/or treatment du- 
ration) and incorporated thorough ophthalmologic 
and systemic assessments. These measures help estab- 
lish safety margins for both systemic exposure and 
local effects on the eye and ocular adnexa. 

Two studies employed different rabbit varieties, 
the albino New Zealand White and a pigmented NZ 
White X NZ Red cross (F3). A pigmented variety 
was desired because fluoroquinolones possess high 
binding affinity to melanin. In both studies, animals 
were dosed with two drops, to the right eye, four 
times a day, for approximately 1 month. Treatments 
were 0% (vehicle), 0.5%, 1.0%, and 3.0% moxifloxa- 
cin solutions. Ocular evaluations, including slit-lamp 
biomicroscopy, corneal thickness measurements, in- 
direct ophthalmoscopy, and microscopic evalua- 
tion, revealed no significant effects. Systemic 
parameters, such as body weight, general health, clin- 
ical laboratory tests, and histopathology, also showed 
no significant treatment-related effects. 

A subchronic ophthalmic safety study in cynomol- 
gus monkeys employed a dosing regimen of two 
drops to the right eye, six times a day for 16 days, 
followed by t.i.d. dosing for the remainder of the 
3-month study (F4). Treatments were 0% (vehicle), 
0.5%, 1.0%, and 3.0% moxifloxacin solutions. Ocular 
and systemic evaluations included those described 
for the rabbit studies, as well as intraocvdar pressure 
and specular microscopy of the corneal endothelium. 
All ophthalmic parameters were comparable in the 
untreated eyes, vehicle controls, and moxifloxacin 
ophthalmic solution-treated eyes. Corneal thickness, 
a sensitive indicator of corneal health, was not af- 
fected by administration of moxifloxacin ophthalmic 
solution, even at the high concentrations and ex- 
treme regimen employed. Mean corneal endothelial 
cell density and cell area were comparable in vehicle 
control and moxifloxacin-treated eyes, further estab- 
lishing corneal safety. No significant findings were 
observed for any systemic parameters. 

The effects of topical administration of moxifloxa- 
cin and gatifloxacin ophthalmic solutions have been 
investigated with alternative treatment regimens. 
These studies employed normal healthy corneas. 
Herrygers et al reported that New Zealand White rab- 
bits dosed with moxifloxacin ophthalmic solution 
0.5% under either a keratitis regimen (one drop 



McGee DH, Heaton J, Hackett R, et al: Toxicity of moxifloxa- 
cin ophthalmic solution 0.5% in the rabbit (abstract). Invest Oph- 
thalmol Vis Sci 44(Suppl):4458, 2003. 

Bergamini MV, Heaton J, McGee D, et al: A three-month 
topical ocular toxicity study of moxifloxacin ophthalmic solutions 
in cynomolgus iftonkeys (abstract). Invest Ophthalmol Vis Sci 
44(Suppl):4457, 2003. 
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every 5 minutes for 15 minutes, followed by one 
drop every 15 minutes for 4 hours) or a post-cataract 
surgery prophylaxis regimen (four times daily for 10 
days) showed no significant corneal epithelial 
damage by scanning electron microscopic evaluation 
by either regimen.^ Similar results were seen witii 
gatifloxacin ophthalmic solution 0.3% and vehicle in 
this study, and it was concluded that both products 
were well tolerated by the ocular surface and consid- 
ered safe and nontoxic. The effects of ophthalmic 
solutions of moxifloxacin, ciprofloxacin, levofloxa- 
cin, and ofloxacin on corneal epithelium and 
stroma were assessed by confocal microscopy in rab- 
bits.^^ All products except moxifloxacin ophthalmic 
solution 0.5% contain 0.005% or 0.006% benzalko- 
nium chloride. Tears Naturale Free (Alcon) was used 
as a control. After 6 days of treatment, corneal epithe- 
lial thickness was decreased from baseline for all 
drug-treated groups except moxifloxacin ophthalmic 
solution 0.5% and Tears Naturale Free, whereas cor- 
neal stromal thickness was similar to baseline. 



Corneal Wound Healing Studies 

Some studies have suggested effects of fluoroqui- 
nolones on corneal wound healing. Heavy dosing of 
de-epitheliaUzed rabbit corneas with ofloxacin solu- 
tion inhibited epithelial cell regrowth and resulted in 
keratocyte loss, as compared with both untreated and 
intact corneas.^^ Levofloxacin delayed re-epitheliali- 
zation and resulted in some keratocyte loss, stromal 
swelling, and disorganization when dosed to de-epi- 
thelialized corneas of rabbits at high (3% and 6%) 
concentrations.^ Delayed re-epithelialization, in- 
creased corneal thickness, and haze were observed 
in monkeys with the same treatment. These results 
suggest that ofloxacin and levofloxacin, at high 
doses, may result in some slight effects on corneal 
recovery. 

Nonclinical studies have also been conducted to 
assess the safety of fourth-generation fluoroqui- 
nolones in the wounded cornea. Some reports have 
suggested that moxifloxacin ophthalmic solution 
0.5% affects corneal wound healing. The healing of 
linear incisions and anterior keratectomy wounds 
were reported to be slightly slower in rabbit cor- 
neas treated with 0.5% moxifloxacin solution, as com- 
pared with 0.3% gatifloxacin solution (F7, F6). 

However, an increasing number of nonclinical 
studies have shown no differences in corneal wound 
healing between moxifloxacin ophthalmic solution 
0.5% and gatifloxacin ophthalmic solution 0.3%. 



Schmidt L, Beuerman R: Comparison of gatifloxacin and 
moxifloxacin in healing of a linear incision in the rabbit cornea 
(abstract). Invest Ophthalmol Vis Sci 45(Suppl):1427, 2004. 



McCartney etal reported no differences were ob- 
served in slit-lamp biomicroscopy scores, histology, or 
electron microscopy between rabbit corneas treated 
with moxifloxacin ophthalmic solution 0.5% (one 
drop t.i.d. for 7 days) and those treated with gatiflox- 
acin ophthalmic solution 0.3% (one drop four times a 
day for 7 days) after penetrating Unear incisions (F7) . 

Sorour et al compared corneal healing with treat- 
ment of moxifloxacin, gatifloxacin, or levofloxacin 
(one drop four times a day; concentrations not stated 
in abstract) after photorefractive keratectomy in 
chicken eyes (F8) . Chickens were chosen as an exper- 
imental model because the chicken eye possesses a 
prominent Bowman's layer and its cornea is histologi- 
cally similar to the human cornea (F9). Wound sizes 
over time were comparable in the balanced salt solu- 
tion control (56.69 hours), moxifloxacin (56.73 
hours), and gatifloxacin (56.40 hours) and greater 
than with levofloxacin (65.64 hours). The overall 
healing rate over time did not statistically differ be- 
tween treatment groups. Wound size and percent 
healing were statistically significantiy less for lev- 
ofloxacin compared with other groups at 60 and 66 
hours postoperatively, and the fourth-generation 
fluoroquinolones appeared slightiy less toxic on the 
epithelium than levofloxacin. 

The healing rate was slightiy higher for anterior 
keratectomy wounds in New Zealand White rabbits 
treated with one drop four times a day for 4 days with 
moxifloxacin ophthalmic solution 0.5% (87±8%) 
relative to gatifloxacin ophthalmic solution 0.3% 
(77±10%), with no significant differences in colla- 
gen IV expression (FIG). Similar results were ob- 
tained in the corneas of pigmented rabbits, where 



Gao J, Siemasko K, Vu C, et al: Efiect of 4* generation fluor- 
oquinolone on rabbit corneal wound healing (abstract). Invest 
Ophthalmol Vis Sci 45 (Suppl) :4889, 2004. 

^ McCartney MD, Rice RL, Hackett RB, et al: Comparison of 
wound healing in pigmented rabbits receiving moxifloxacin 0.5% 
or gatifloxacin 0.3% ophthalmic solutions following penetrating 
corneal incision. Cornea. Submitted for publication. 

^ Sorour H, Yee S, Chuang A, etal: Epithelial healing of the 
topical levofloxacin, gatifloxacin and moxifloxacin after photo- 
refractive keratectomy in chickens and relative toxicity of topical 
levofloxacin, gatifloxacin, moxifloxacin and on ofloxacin on 
human corneal epithelial cell culture. Cornea. Submitted for 

^ Fowler WC: An animal model for LASIK flap research: the 
white leghorn chicken (abstract). Invest Ophthalmol Vis Sci 
41 (Suppl) :S459, 2000. 

Williams KK, Munger RJ, Shepard AR, et al: Corneal wound 
healing in New Zealand White rabbits following anterior keratec- 
tomy and treatment with moxifloxacin 0.5% ophthalmic solution 
or gatifloxacin (H3% ophthalmic solution. Cornea. Submitted 
for publication. 
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wound healing percentages were 90±8% and 
81 ±14% for moxifloxacin ophthalmic solution 
0.5%-treated and gadfloxacin ophthalmic solution 
0.3%-treated eyes, respectively (Fll). 

Most in vivo studies in animal models suggest that 
there are no significant adverse effects of the fourth- 
generation fluoroquinolones, moxifloxacin and 
gatifloxacin. Indeed, the fourth-generation fluoro- 
quinolones may offer advantages over some older 
products such as ofloxacin and levofloxacin. 

In Vitro Studies 

Cutarelli et al compared antimicrobial activity and 
in vitro corneal epithelial toxicity of five fluoroquino- 
lones, two aminoglycosides, and cefazolin, and estab- 
lished that fluoroquinolones were generally more 
potent against ocular pathogens and less toxic to 
the corneal epithelial cells.^ Reports from in vitro 
studies have suggested variable results in relative cyto- 
toxicity when comparing multiple fluoroquinolones. 
Recendy, Yee et al compared the effects of moxiflox- 
acin and gatifloxacin with those of levofloxacin and 
ofloxacin ophthalmic solutions on human corneal 
epithelial cells in vitro (F12). Cultures were exposed 
to the marketed products for either 5 or 15 minutes, 
after which relative numbers of live/ dead cells were 
evaluated. Moxifloxacin was least cytotoxic (83.6%), 
with gatifloxacin (88.2%), levofloxacin (89.5%), and 
ofloxacin (90.9%) similar to one another, showing 
somewhat greater cytotoxicity, compared with moxi- 
floxacin or the controls (Systane® [Alcon], 70.2%, 
and culture control, 70.9%). Matsumoto etal sug- 
gested that moxifloxacin inhibits in vitro corneal 
wound healing more than gatifloxacin, levofloxacin, 
and ofloxacin, with the order of inhibition ofloxa- 
cin — levofloxacin < gatifloxacin < moxifloxacin 
<< ciprofloxacin when tested at 0.6 mM (F13). In a 
similar study, Matsumoto et al reported ofloxacin in- 
hibited in vitro corneal wound healing in the same 
model.^^ Gatifloxacin, ciprofloxacin, and moxiflox- 
acin, at concentrations of 1 |J.g/mL or more, were all 
cytotoxic in vitro to human corneal endothelial cells 



Williams KK, McCartney MD, Rice RL, etal: The effects 
of moxifloxacin 0.5% ophthalmic solution or gatifloxacin 0.3% 
ophthalmic solution treatment on corneal wound healing in pig- 
mented rabbits following anterior keratectomy. Cornea. Submitted 
for publication. 

■''^ Yee RW, Sorour HM, Yee SB, et al: Comparison of relative 
toxicity of four ophthalmic antibiotics using the human cornea 
epithelial cell culture system (abstract) . Invest Ophthalmol Vis Sci 
45(SuppI):4939, 2004. 

Matsumoto S, Way W, Carlo K, Short B: Comparative toxicity 
of fluoroquinolones antibiotics on corneal cells in vitro (abstract). 
Am College Toxicol:17, 2003. 



and keratocytes (F14). Most of these studies used 
antibiotic solutions and not the commercial topical 
products. The presence of benzalkonium chloride 
in products, like Zymar, should result in a marketly 
different outcome in these cytotoxicity studies. In 
vitro assays may be useful in assessing comparative 
effects of drugs, or products, but may have limited 
relevance to clinical use. 

The ocular surface is exposed to all components of 
the ophthalmic drug product, including excipients, 
and these may affect the cornea and conjunctiva. 
The antimicrobial preservative in these preparations 
has a great influence on ocular safety. All approved 
ophthalmic fluoroquinolone solutions are pre- 
served with benzalkonium chloride, except moxi- 
floxacin ophthalmic solution 0.5% and, recendy, 
levofloxacin ophthalmic solution 1.5% (Iquix®, Vis- 
takon) , which have no designated preservative added. 
The safety of fluoroquinolones with respect to the 
cornea is of utmost importance, and the toxicological 
first principle that "the dose makes the poison" em- 
phasizes the importance of safety to the tissues ex- 
posed to the highest concentration. Moxifloxacin 
ophthalmic solution achieves superior concentra- 
tions in corneal tissue and aqueous humor when 
administered topically, as compared with other flu- 
oroquinolones, including gatifloxacin (F15)}^ This 
suggests the potential for a longer duration of drug 
concentrations above the MIC (Minimum Inhibitory 
Concentration) for infecting organisms (F16, F17). 
Rusinko etal reported that drug permeability and 
penetration correlate with lipophilicity and aqueous 
solubility for a series of seven fluoroquinolones (in- 
cluding moxifloxacin, gatifloxacin, and ofloxacin) 
(F18) and Owen et al demonstrated the superior per- 
meability and penetration characteristics of moxi- 
floxacin (F19). Corneal penetration of the drug was 



Skelnik DL, Clark LA, Bezwada P: Effect of drug concentra- 
tion and exposure time of levofloxacin, ofloxacin, ciprofloxacin, 
gatifloxacin and moxifloxacin on human corneal endothelial cells 
and keratocytes (abstract). Invest Ophthalmol Vis Sci 
44(Suppl):4739, 2003. 

'''^ Robertson SM, Sanders M, Jasheway D, et al: Absorption 
and distribution of moxifloxacin, ofloxacin and gatifloxacin into 
ocular tissues and plasma following topical ocular administration 
to pigmented rabbits (abstract). Invest Ophthalmol Vis Sci 
45(Suppl):4906, 2004. 

Levine J, Noecker R, Herrygers L, Clark T: Aqueous levels 
of moxifloxacin and gatifloxacin following different pre- and post- 
operative topical dosing protocols (abstract). Invest Ophthalmol 
Vis Sci 45(Suppl):4911, 2004. 

Mather R, Stewart JM, Prabriputaloong T, et al: Corneal 
concentrations of moxifloxacin following topical administration 
in a rabbit msdel (abstract). Invest Ophthalmol Vis Sci 
45(Suppl):4989, 2004. 
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much greater and more rapid for raoxifloxacin oph- 
thalmic solution 0.5% (91 x 10"'' cm/second; lag time, 
49 minutes) than for gatifloxacin ophthalmic solution 
0.3% (25 X 10"' cm/second; lag time, 99 minutes) , 
whereas corneal permeability to carboxyfluorescein 
was much greater after gatifloxacin ophthalmic solu- 
tion 0.3% exposure (3.6 pM/mL/minute) than after 
moxifloxacin ophthalmic solution 0.5% (2.1 pM/ 
mL/minute) . Carboxyfluorescein does not normally 
cross the cornea but is an indicator of corneal perme- 
ability through epithelial cell junction disruption, as 
it readily passes through the disrupted epithelium. 
Thus, the superior penetration profile of moxifloxa- 
cin, nearly four times more, is attributable to the 
inherent physicochemical properties of the drug and 
not to disruption of tight junctions in the corneal 
epithelium. The carboxyfluorescein findings with 
gatifloxacin ophthalmic solution 0.3% are consistent 
with those of benzalkonium chloride-containing for- 
mulations, where the permeability is increased in a 
concentration-dependent manner. Benzalkonium 
chloride concentrations as low as 0.005% applied to 
the rabbit eye (15 times at 5-minute intervals) caused 
superficial epithelial swelling and desquamation. 



Clinical Relevance of Animal 
and In Vitro Findings 

In vitro and animal studies in intact corneas consis- 
tendy show that topical ophthalmic fluoroquino- 
lones are safe even at very high concentrations and 
treatment regimens, and this seems consistent with 
clinical experience. Nguyen et al found no significant 
effects on conjunctival injecdon, chemosis, stinging/ 
burning, lid thickness, ocular surface sensation, or 
pupil size after a single drop of moxifloxacin ophthal- 
mic solution 0.5% to one eye and gatifloxacin oph- 
thalmic solution 0.3% to the fellow eye of 10 normal 
subjects (F20). This was confirmed in a study of 
human ocular tolerability after a single drop of moxi- 
floxacin ophthalmic solution 0.5%, in comparison 
with Tears Naturale Free (F21). However, 
Donnenfeld etal reported that normal young adult 
subjects receiving gatifloxacin ophthalmic solution 



Rusinko A, May J, Liao J, etal: A study of the enhanced 
corneal penetration of moxifloxacin (abstract) . Invest Ophthalmol 

Vis Sci 45 (Suppl) :4907, 2004. 

Owen OR, Dembinska O, Stout KR, Mendiola MK: Corneal 
penetration and changes in corneal permeability of moxifloxacin 
versus gatifloxacin (abstract). Invest Ophthalmol Vis Sci 
45(Suppl):4910, 2004. 

™ Nguyen QH, Friedlaender MH, Sharf L, Breshears D: Objec- 
tive and subjective measurement of drug toxicity (abstract) . Invest 
Ophtiialmol Vis Sci 45 (Suppl) :4937, 2004. 



0.3% exhibited fewer increases in signs and symp- 
toms of ocular intolerablit)' (i.e., conjunctival hyper- 
emia, vascularity, ocular pain and irritation, and 
miosis) than those receiving moxifloxacin ophthal- 
mic solution 0.5%.* The fluoroquinolone concentra- 
tions achieved in ocular tissues after topical 
instillation in animals and humans have been deter- 
mined by a number of investigators and reviewed by 
Robertson et al.^^ The maximum concentrations 
achieved in the aqueous humor in rabbits ranged 
from 0.3 to 32.6 Jig/mL depending on the dosage 
regimen and the fluoroquinolone. In humans, docu- 
mented fluoroquinolone levels generally ranged 
from 0.11 to 2.28 |J.g/mL after topical treatment. In 
those studies where various antibiotic products were 
compared, moxifloxacin generally achieved aqueous 
humor concentrations approximately 2 to 3 fold 
higher than gatifloxacin, ofloxacin or ciprofloxa- 
cin.'^ Garcia-Saenz etal reported aqueous humor 
concentrations of 2.33 tlg/mL after 400 mg of moxi- 
floxacin taken orally.' No reports of human cornea 
drug levels are available, but concentrations of moxi- 
floxacin in rabbit cornea were 12.5 |a.g/g and 21.3 
|j.g/g after a single dose or a 3-day t.i.d. regimen, 
respectively, as compared with 6.02 and 8.01 |i.g/g 
concentrations of ofloxacin by the same regimens 
and 4.85 |J.g/g for gatifloxacin t.i.d. (F15). Mather 
et al reported a mean rabbit cornea concentration 
of 158.66 |ig/g at 60 minutes after topical dosing at 
0, 5, 10, 60, 65, and 70 minutes (F17) . In rabbit studies, 
drug concentrations in the cornea were found to be 
approximately 10-20 times those measured in 
aqueous humor, and if a similar relationship is pres- 
ent in humans, then cornea concentrations would 
be proportionately higher. 

Corneal epithelial and endodielial cell morpholog- 
ies were unchanged in volunteers receiving moxi- 
floxacin ophthalmic solution 0.5% four times a day 
for 3 days after cataract surgery (F22). Moxifloxacin 
ophthalmic solution 0.5% and gatifloxacin ophtiialmic 
solution 0.3% were tested on patients after laser- 
assisted in situ keratomileusis or laser epithelial 
keratomileusis surgeries had no effect on ophthalmic 
measures including quality of vision, comfort, and 
rates of corneal re-epithelialization.^ Despite high 
tissue concentrations, no effects on postoperative cor- 
neal and conjunctival healing were reported. Corneal 



Wagner RS, D'Arienzo PA, Hallas SJ. etal: A comparative 
study in a normal pediatric population of the relative comfort of 
moxifloxacin 0.5% ophthalmic solution versus a tear substimte 
(abstract). Invest Ophtiialmol Vis Sci 45(Suppl):4913, 2004. 

Donaldson KE, Marangon FB, Schatz L, et al: Confocal analy- 
sis of the eifects of moxifloxacin on the normal human cornea. 
Poster presented at Am Soc Cataract Refract Surg, May 1-5, 2004; 
San Diego OA. 
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epithelial healing time following photorefractive ker- 
atectomy was found to be better for subjects using 
moxifloxacin ophthalmic solution, 0.5% than for gat- 
ifloxacin ophthalmic solution, 0.3%, when given 
post-operatively, four times a day. Corneal epithelial 
defects had healed for 80% of eyes treated with moxi- 
floxacin ophthalmic solution, 0.5%, as compared 
with 69% for gatifloxacin ophthalmic solution, 0.3% 
post-operative day 4. Epithelial defect size was also 
statistically significantiy smaller for the moxifloxacin- 
treated eyes at day 4.^ Thus, clinical experience shows 
that moxifloxacin ophthalmic solution 0.5% and 
other ophthalmic fluoroquinolones are safe and well 
tolerated in normal and postsurgical eyes. 



Discussion 

Fluoroquinolone antibiotics have proven safe 
and effective in both systemic and ophthalmic use. 
Nonclinical studies support the use of the ophthalmic 
products for the currently approved indications. 
Moxifloxacin is a fourth-generation fluoroquinolone 
with favorable characteristics such as potent efficacy 
and good ocular penetration. Systemic exposure (i.e., 
plasma drug levels) with topically applied fluoroqui- 
nolones is negligible, so untoward systemic effects 
are unlikely. 

Nonclinical studies have established a high safety 
margin for ophthalmic moxifloxacin. Moxifloxacin 
ophthalmic solution given topically to rabbit eyes at 
concentrations of up to 3%, two drops four times a 
day for as long as 1 month, resulted in no significant 
ocular effects, including on corneal thickness, assess- 
ment by slit-lamp biomicroscopic or indirect ophthal- 
moscopy, and ocular histology. No systemic effects 
were evident as assessed by detailed in-life observa- 
tions, clinical laboratory evaluations, and general his- 
topathologic examinations. Extremely high topical 
doses of moxifloxacin ophthalmic solution instilled 
in normal monkey eyes for 3 months produced no 
ocular toxicity, with no abnormalities observed in 
corneal epithelium, stroma, or endothelium, and no 
significant systemic findings. 

Some nonclinical in vivo studies have suggested 
potential effects of topical treatment with fluoroqui- 
nolones on healing rates in wounded cornea and 
differences between moxifloxacin and gatifloxacin, 
whereas other studies show similar wound healing, 
comparable with controls for both drugs. In general, 
it appears that there are no significant differences 
between the two drugs, and both drugs are safe for 
use under those conditions. In vitro studies of fluoro- 
quinolones with human or rabbit corneal cells 
suggest that moxifloxacin has a low potential for 
dose- and time-dependent cytotoxicity. 



Although some nonclinical studies have demon- 
strated inconsistent results with moxifloxacin oph- 
thalmic solution 0.5% in the wounded cornea or 
wound healing, clinical reports consistentiy find no 
significant effects on postsurgical recovery with post- 
cataract, post-laser-assisted in situ keratomileusis, 
and post-laser epithelial keratomileusis use. Clinical 
studies have demonstrated high concentrations of 
moxifloxacin in aqueous humor after topical dosing. 
These high drug levels assure clinical efficacy, with 
concentrations of 10 to 30-fold higher moxifloxacin's 
MICs for common ocular pathogens.''® Moxifloxacin 
ophthalmic solution 0.5% combines the therapeutic 
benefits of high antimicrobial efficacy and ocular 
tissue penetration with a favorable safety profile. 

Method of Literature Search 

A search of the MEDLINE and Toxline databases 
(1970-2005) was conducted using an online search 
tool (Endnote 5.0, ISI Researchsoft, Berkeley, OA). 
Search terms employed were moxifloxacin, fluoroqui- 
nolone, ocular toxicity, ophthalmic toxicity, and eye toxicity. 
All entries considered to be of significance were uti- 
lized, including those in the non-English literature 
if an English abstract was available. The reference sec- 
tion of each article was reviewed, and if it was felt to be 
of significance by adding additional data or refuting 
existing information, it was included. When neces- 
sary, data were computed firom graphs and tables. 
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Clinical Safety of Moxifloxacin Ophthalmic Solution 
0.5% (VIGAMOX®) in Pediatric and Nonpediatric 
Patients With Bacterial Conjunctivitis 

Lewis H. SUver, PhD, Adrienne M. Woodside, PhD, and Dawaelle B. Montgomery, PhannD 



Alcon Research, Ltd.,, Fort Worth, TX, USA 



Abstract. Five independent, multicentered, double-masked, parallel, controlled studies were . 
conducted to determine the safety of moxifloxacin ophthalmic solution 0.5% (VIGAMOX®) in pediatric 
and nonpediatric patients with bacterial conjunctivitis. Patients were randomized into one of two 
treatment groups in each study and received either moxifloxacin ophthalmic solution 0.5% b.i.d. or t.i.d. 
or a comparator. A total of 1,978 patients (918 pediatric and 1,060 nonpediatric) was evaluable for 
safety. The most frequent adverse event in the overall safety population was transient ocular discomfort, 
occurring at an incidence of 2.8%, which was similar to that observed with the vehicle. No 
treatment-related changes in ocular signs or visual acuity were observed with moxifloxacin ophthalmic 
solution 0.5%, except for one clinically relevant change in visual acuity. Thus, based upon a review of 
adverse events and an assessment of ocular parameters, moxifloxacin ophthalmic solution 
0.5% formulated without the preservative, benzalkpnium chloride, is safe and well tolerated in pediatric 
(3 days-17 years of age) and nonpediatric (18-93 years) patients with bacterial conjunctivitis. (Surv 
Ophthalmol 50:S55-S63, 2005. © 2005 Elsevier Ihc. All rights reserved.) 



Keywords. adverse events • conjunctivitis • fluoroquinolone • moxifloxacin • ophthalmic • 
pediatric . safety • VIGAMOX® 



Bacterial conjunctivitis is one of the most common 
ocular infections contracted by children; thus, the 
safety of a drug to treat ocular infections in children 
and in the overall population is of paramount impor- 
tance.*'^ Topical ocular fluoroquinolones, such as 
ciprofloxacin, have been used to safely treat conjunc- 
tivitis in pediatric and nonpediatric patients for many 
years.' Unfortunately, emerging bacterial resistance 
raises concerns about the effectiveness of current 
fluoroquinolones.^'®'^ A solution of a new fourth- 
generation fluoroquinolone, moxifloxacin hydro- 
chloride, is currendy available and indicated for the 



treatment of bacterial conjunctivitis in patients 1 year 
and older.® Second- and third-generation fluoroqui- 
nolones target the enzymes deoxyribonucleic acid 
gyrase or topoisomerase IV to elicit their antibacteri- 
cidal effect. Unlike these earlier fluoroquinolones, 
the fourth-generation fluoroquinolones bind to both 
deoxyribonucleic acid gyrase and topoisomerase IV 
to provide a simultaneous attack on two different 
bacterial enzymes, thus requiring two independent 
mutations in the bacteria to develop resistance.^" 

Patient compliance with dosing of a topical antibi- 
otic is necessary to effectively fight bacterial ocular 
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infections. To enhance compliance, the currently 
marketed solution of moxifloxacin ophthalmic solu- 
tion 0.5% (VIGAMOX®, Alcon Laboratories, Inc., 
Fort Worth, TX) is formulated at a physiological pH 
of 6.8 and does not include the preservative, benzal- 
konium chloride, which can have toxic eflfects.^^ 
Unlike other topical ophthalmic antibiotics, moxi- 
floxacin has been formulated and packaged as a self- 
preserved formulation and requires no added preser- 
vative agent (e.g., benzalkonium chloride). Thus, es- 
tablishing the safety of ophthalmic moxifloxacin in 
pediatric and nonpediatric patients enhances the 
clinical success of this fluoroquinolone in its self- 
preserved formulation. Church etal reviewed the 
clinical safety profile of moxifloxacin when adminis- 
tered systemically and found that it was safe and 
well tolerated in the treatment of respiratory tract 
infections.^ 

Five independent phase II and phase III multicen- 
ter, double-masked, parallel, well-controlled studies 
were conducted to evaluate the safety and efficacy of 
moxifloxacin ophthalmic solution 0.5%. The safety 
data were integrated across these five clinical trials 
and are presented in Tables 1-4. The discussion of 
the data focuses on a comparison of the integrated 
data for moxifloxacin ophthalmic solution 0.5% with 



that of the vehicle because the number of patients 
receiving ofloxacin ophthalmic solution 0.3% 
(Ocuflox®, Allergan, Irvine, CA) and ciprofloxacin 
ophthahnic solution 0.3% (Ciloxan®, Alcon Labora- 
tories) was significantiy smaller and not evenly distrib- 
uted between pediatric and nonpediatric patients. 



Methods 

STUDY DESIGN 

Five clinical trials (phase II and phase III) were 
conducted to evaluate the efficacy and safety of a 
solution of moxifloxacin ophthalmic solution 0.5%. 
All studies were multicenter, double-masked, ran- 
domized, parallel, and controlled (active or vehicle) . 
Patients of any race and either sex who were diag- 
nosed with bacterial conjunctivitis were enrolled in 
the study; the minimum age requirement for each 
study varied, depending on the smdy design (Table 5) . 
The primary efficacy endpoint was the clinical cure 
rate for bulbar conjunctival injection and conjuncti- 
val discharge. An institutional review board approved 
each study before its initiation. 

Patients with any of die following conditions were 
excluded from study participation: contact lens wear 



TABLE 1 

Most Frequent* Adverse Events in Pediatric verstcs Nonpediatric Patients 



Moxifloxacin 0.5% b.i.d. or t.i.d. 



Vehicle b.i.d. or t.i.d. 



Pediatrics 
(<17 Years) 



Nonpediatrics 
(al8 Years) 



Pediatrics 
(<17 Years) 
(N = 323) 



Nonpediatrics 
(>18 Years) 
(N = 283) 



Adverse Event 

Ocular 

Ocular discomfort 

Keratitis 

Conjunctivitis 

Ocular pruritus 

Visual acuity decrease 

Subconjunctival 
hemorrhage 

Blepharitis 
Nonocular 

Infection 

Headache 

Fever 

Cold syndrome 

Vomiting 
Increased coughs 
Rhinitis 
Pharyngitis 
Otitis media 



Total 
(N = 606) 



N 


% 


N 


% 


N 


% 


N 


% 


N 


% 


N 


% 


9 


1.9 


19 


3.6 


28 


2.8 


7 


2.2 


6 


2.1 


13 


2.1 


3 


0.6 


5 


0.9 


8 


0.8 


2 


0.6 


6 


2.1 


8 


1.3 


5 


1.1 


5 


0.9 


10 


1.0 


6 


1.9 


2 


0.7 


8 


1.3 


3 


0.6 


9 


1.7 


12 


1.2 


1 


0.3 


4 


1.4 


5 


0.8 


2 


0.4 


6 


LI 


8 


0.8 


3 


0.9 


5 


1.8 


8 


1.3 


4 


0.9 


2 


0.4 


6 


0.6 


. 2 


0.6 


2 


0.7 


4 


0.7 


2 


0.4 


4 


0.8 


6 


0.6 


1 


0.3 


2 


0.7 


3 


0.5 


12 


2.6 


8 


1.5 


20 


2.0 


15 


4.6 


1 


0.4 


16 


2.6 


3 


0.6 


9 


1.7 


12 


1.2 


3 


0.9 


16 


5.7 


19 


3.1 


10 


2.2 


0 


0.0 


10 


1.0 


5 


1.5 


1 


0.4 


6 


1.0 


3 


0.6 


3 


0.6 


6 


0.6 


2 


0.6 


2 


0.7 


4 


0.7 


6 


1.3 


0 


0.0 


6 


0.6 


5 


1.5 


4 


1.4 




1.5 


15 


3.2 


3 


0.6 


18 


1.8 


9 


2.8 


5 


1.8 


14 


2.3 


11 


2.4 


3 


0.6 


14 


1.4 


11 


3.4 


4 


1.4 


15 


2.5 


4 


0.9 


4 


0.8 


8 


0.8 


7 


2.2 


6 


2.1 


13 


2.1 


14 


3.0 


1 


0.2 


15 


1.5 


10 


3.1 


1 


0.4 


11 


1.8 



* Occurring at an incidence of >5 reports (0.5%) in the moxifloxacin total column. Table includes related and 
non-related adverse events. 

t Worsening of existing cough or development of a cough. The COSTART dictionary does not have a separate code 
for the development of a cough. 
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TABLE 2 

Most Frequent Belated Adverse Events 



Moxifloxacin 0.5% b.i.d. or t.i.d. 



Vehicle b.i.d. or t.i.d. 



Adverse Event 



Pediatrics Nonpediatrics 
(<17 Years) (sl8 Yeara) 
(N = 462) (N = 531) 



Total 
(N = 993) 



Pediatrics 
(sl7 Years) 
(N = 323) 



Nonpediatrics 

(a 18 Years) Total 

(N = 283) (N = 606) 

N % N % 



Ocular 
Ocular discomfort 
Ocular pruritus 
Ocular hyperemia 

Ocular pain 
Nonocular 
Headache 
Taste perversion 



9 


1.9 


18 


3.4 


27 


2.7 


5 


1.5 


5 


1.8 


10 


1.7 


2 


0.4 


4 


0.8 


6 


0.6 


1 


0.3 


1 


0.4 


2 


0.3 


3 


0.6 


0 


0.0 


3 


0.3 


0 


0.0 


0 


0.0 


0 


0.0 


0 


0.0 


3 


0.6 


3 


0.3 


0 


0.0 


0 


0.0 


0 


0.0 


1 


0.2 


1 


0.2 


2 


0.2 


0 


0.0 


2 


0.7 


2 


0.3 


1 


0.2 


3 


0.6 


4 


0.4 


0 


0.0 


0 


0.0 


0 


0.0 



* Occurring at an incidence of >1 report (0.1%) in the moxifloxacin total column. A generous cutoff was chosen 

due to the low frequency of related adverse events. 



during the study; vision not correctable to 0.6 loga- 
rithm of the minimum angle of resolution (logMAR) 
or better (children younger than 3 years must be 
able to fix and follow) ; abnormal findings on fundus 
examination or presence of active inflammation in 
the cornea, iris, or anterior chamber at the day 1 visit; 
an allergy or hypersensitivity to fluoroquinolones or 
benzalkonium chloride; any current immunosup- 
pressive disorder, or a suspected fungal, viral, or Acan- 
thamoeba infection. In addition, patients who had any 
systemic or ocular disorder, complicating factors, or 
structural abnormality that would affect the study 
outcome were excluded from participation. Patients 
taking any of the following medications were also 
excluded from participation: any preserved topical 
ocular medications; a topical ocular antibacterial 
within 24 hours of the study; an oral antibacterial 
within 72 hours of the study; a systemic steroid within 
14 days of the study; a systemic nonsteroidal anti- 
inflammatory within 24 hours of the study (unless it 
was a steady regimen continuing for at least 2 



months) ; or any other investigational study medica- 
tion or immunosuppressive therapy (including che- 
motherapy). Also excluded from the study were 
those women who were pregnant or nursing. Females 
of childbearing potential could participate if they 
had a negative urine pregnanq^ test before random- 
ization and used adequate birth control throughout 
the study. 

Patients satisfying the exclusion and inclusion cri- 
teria rated their ocular symptoms on a four-point 
scale, and investigators assessed the ocular signs of 
the patient. Each patient underwent an ophthalmic 
examination that may have included a measurement 
of visual acuity and an assessment of ocular signs. 
Not all studies measured visual acuity or ocular 
signs (Table 5). Up to three microbiological speci- 
mens were collected from the affected eye(s) of the 
patient. Finally, a dilated or undilated fundus exami- 
nation was conducted for each patient, except in 
study C-01-34. All patients (or their legal guardians) 
gave vmtten informed consent before study 
participation. 



TABLE 3 



Additional Safety Assessments: Visual Acuity and Changes in Ocular Signs 







Cainically Relevant Changes from Baseline to Any Visit 




LogMAR 


or Snellen Visual Acuity 




Changes in 


Ocular Signs 






2:3 Line Decrease 




Cornea 


Iris/Anterior 


Treatment 


Total N 


[N (%)] 


Total N 


[N (%)] 


Chamber [N (%)] 


Moxifloxacin 0.5% 


737 


7 (0.9) 


807 


4 (0.5) 


0 


Ofloxacin 0.3% 


269 


0 


277 


8* (2.9) 


1 (0.4) 


Vehicle 


448 


5 (1.1) 


535 


5 (0.9) 


2 (0.4) 



logMAR = logarithm of the minimum angle of resolution. 

Visual acuity assessed in COO-02, C-0046, C-00-55, and COl-66. Ocular signs evaluated in COO-46, CU)0-55, and OOl- 
66. Thus, no data for visual acuity and ocular signs are available for ciprofloxacin 0.3%. Patients 3 years and younger 
were excluded from visual acuity assessments. 

* One person receiving ofloxacin 0.3% experienced a treatment-related change in the cornea. 
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TABLE 4 

Most Frequent* Adverse Events by Age 



Moxifloxacin 0.5% (ti.d. or b.i.d.) 



Adverse Event 



Newborns 
< 28 Days 
(N = 100) 
[N (%)] 



Infants and 
Toddlers 
28 Days 

23 Months 
(N = 66) 
[N (%)] 



Children Adolescents 

2-11 Years 12-lV Years 

(N = 237) (N = 59) 

[N (%)] [N (%)] 



Adults Elderly 

18-64 Years > 65 Years 
(N = 477) (N = 54) 
[N (%)] [N (%)] 



Ocular 
Blepharitis 
Conjunctivitis 
Dry eye 
Keratitis 

Ocular discomfort 
Ocular pain 
Ocular pruritus 
Visual acuity decrease 
Nonocular 

Headache 
Increased C( 
Infection 
Otitis media 
Pharyngitis 
Rhinitis 



)Ugh+ 



2 (2.0) 



3 (4.5) 

2 (3.0) 
5 (7.6) 
0 

3 (4.5) 



1 (0.4) 
3 (1.3) 
0 

1 (0.4) 
7 (3.0) 
0 

2 (0.8) 
2 (0.8) 

5 (2.1) 
0 

11 (4.6) 
10 (4.2) 
9 (3.8) 
2 (0.8) 

6 (2.5) 



1 (1.7) 
1 (1.7) 



2 (3.4) 
2 (3.4) 



4 (0.8) 

5 (1.0) 

4 (0.8) 

5 (1.0) 
19 (4.0) 

5 (1.0) 
9 (1.9) 
5 (1.0) 



9 (1.9) 

3 (0.6) 
8 (1.7) 
1 (0.2) 

4 (0.8) 
3 (0.6) 



0 



^tuTo"^^^^^^^^^ at least one age group. A more generous cutoff was chosen due to the smaller 

in the affe erouDs relative to Table 1. Table includes related and non-related adverse events. 

rw^sen'^rof SiSg -^^^^ or development of a cough. The COSTART dictionary does not have a separate code 

for the development of a cough. 



After the screening examination, qualified patients 
were randomized to receive either moxifloxacin oph- 
thalmic solution 0.5% or a comparator (i.e., vehicle, 
ofloxacin ophthalmic solution 0.3%, or ciprofloxacin 
ophthalmic solution 0.3%). Study 000-46 compared 
moxifloxacin ophthalmic solution 0.5% with ofloxa- 
cin ophthalmic solution 0.3%, and study C-01-34 
compared moxifloxacin ophthalmic solution 0.5% 



with ciprofloxacin ophthalmic solution 0.3%, 
whereas the other three studies were vehicle con- 
trolled (Table 5) . Study medication was first adminis- 
tered by a member of the investigator's staff at the 
conclusion of die eligibility visit (day 1). In the 
phase III studies (&00-46, C-00-55, G-01-34, and C- 
01-66), after the day 1 visit patients were instructed 
to administer one drop of the masked medication 



Designs of Clinical Studies Including Measured Safely Parameters 



000-46 000-55 001-34 OOl-^ 



Age range ^ I^^s I~^^^s 1 montii-89 years 2-30 days 48 days-93 years 

DSof treatment, 3 d'ays 4 days 4 da^ d^s d^ 

Duration of a^essment* 7 days 9 da,. 9 da^ ^ 

X'%S 

No. of study sites 20 15 32 32 

Location of study USA India USA USA 

Adverse events Yes Yes Yes Yes 

Visual acuity Yes Yes Yes No 

Ocular signs No^ Yes Ye^ No 



31 



; ?ntis's^d?™n"oLti:;tns was an efficacy parameter only.ln subsequent studies, ti.e measurement of 
ocular signs was expanded to include safety assessments of the cornea and ins/antenor chamber. 
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in the conjunctival sac of both eyes Li.d. for 4 days' 
total exposure. Patients were observed for a total of 9 
days. In die phase II study, C-00-02, patients received 
either one or two drops of medication b.i.d. for 3 
days' total exposure, and the patients were observed 
for a total of 7 days. A summary of the demographics 
of the patients integrated across the five studies is 
shown in Table 6. 

SAFETY ASSESSMENTS 

Safety data were pooled across the five clinical stud- 
ies. The evaluation of safety was conducted on all 
patients who were randomized into the study and 
received at least one dose of the study drug. Adverse 
events were defined as any change (expected or unex- 
pected) in a patient's ophthalmic and/or systemic 
health that occurred after initiation of study treat- 
ment. These changes included any changes in visual 
acuity or ocular signs as defined in each study proto- 
col. The principal investigator and a medical monitor 
independendy assessed causality of these events, and 
the events were coded using a modified COSTART 
dictionary. 

The principal investigator assessed best corrected 
visual acuity at the day 1 (baseline) visit and at all 
subsequent visits for patients older than 3 years. In 
study C-01-34, visual acuity was not measured, as 
the study involved patients younger than 1 month. 



For all other patients, the logMAR (or Snellen) pro- 
cedure was used to assess visual acuity. The maximum 
change in visual acuity for the worse eye in each 
patient (i.e., the eye with greatest decrease in visual 
acuity) was calculated as the change in logMAR lines 
(0.1 units = 1 logMAR line) from baseline to any 
visit. For pediatric patients whose visual acuity could 
not be determined using logMAR (or Snellen), an 
age-appropriate measurement method, either HOTV 
or Crowded Symbols, was used to calculate the maxi- 
mum change in visual acuity. Clinically relevant 
changes in visual acuity were defined as a decrease of 
3 or more logMAR (or Snellen) lines from baseline 
and resulted in the reporting of an adverse event. 

Ocular signs were assessed in studies C-00-46, 
C-00-55, and C-01-66. Ocular signs (cornea and iris/ 
anterior chamber) were assessed by the principal in- 
vestigator using a penlight, ophthalmoscope, or slit 
lamp at day 1 (baseline) and at all subsequent (sched- 
uled or unscheduled) visits. Clinically relevant 
changes in ocular signs were defined as any increase 
in parameter score from baseline (Table 7) and 
resulted in the reporting of an adverse event. 

Results 

OVERALL SAFETY POPULATION 

The safety profile of moxifloxacin ophthalmic solu- 
tion 0.5% was evaluated in 1,978 patients across five 



Demographics of Safety Population 



Moxifloxacin 0.5% Ofloxacin 0.3% Ciprofloxacin 0.3% Vehicle 
(N = 993) (N = 277) (N = 102) (N = 606) 



Demographic Parameter 


N 


% 


N 


% 


N 


% 


N 


% 


Sex 


















Male 


495 


49.8 


188 


67.9 


57 


55.9 


256 


42.2 


Female 


498 


50.2 




32.1 


45 


44.1 


350 


57.8 




















White 


500 


50.4 


0 


0 


70 


68.6 


409 


67.5 


Black 


51 


5.1 


0 


0 


3 


2.9 


53 


8.7 


Other* 


442 


44.5 


277 


100.0 


29 


28.4 


144 


23.8 


Iris color^ 


















Brown 


321 


32.3 


276 


99.6 


34 


33.3 


300 


49.5 


Blue 


224 


22.6 


0 


0 


48 


47.1 


171 


28.2 


Other 


446 


44.9 


1 


0.4 


20 


19.6 


135 


22.3 


Age 


















Newborn infents (<28 days) 


100 


10.1 


0 


0 


97 


95.1 


0 


0 


Infants and toddlers 


66 


6.6 


4 


1.4 


5 


4.9 


63 


10.4 


(28 days-23 months) 


















Children (2-11 years) 


237 


23.9 


21 


7.6 


0 


0 


222 


36.6 


Adolescents (12-17 years) 


59 


5.9 


6 


2.2 


0 


0 


38 


6.3 


Adults (18-64 years) 


477 


48.0 


220 


79.4 


0 


0 


260 


42.9 


Elderly (>65 years) 


54 


5.4 


26 


9.4 


0 


0 


23 


3.8 


' Moxifloxacin 0.5% other includes 290 Asian, 129 Hispanic, and 23 other. Ofloxacin 0.3% other includes 277 Asian. 
Ciprofloxacin 0.3% other includes 26 Hispanic and 3 other. Vehicle other includes 13 Asian, 1 18 Hispanic, and 13 other. 



Two patients in the moxifloxacin 0.5% treatment group have missing iris color data. 



S60 Surv Ophthalmol 50 (Suppl 1) November 2005 SILVER ET AL 

TABLE? 

Scoring of Ocular Sigrw P arameters 

Definition of Terms 

Specifications Normal (0) Abnormal (1) 

Cornea Includes all corneal layers Absence of active inflammation Presence of active inflammation 

or active structural change or active structural change 

including focal scarring and fine 
deposition 

Iris/anterior Includes evaluation of Absence of active inflammation Presence of active inflammation 

chamber anterior chamber and its 



clinical studies who received at least one dose of study 
medication. Moxifloxacin ophthalmic solution 0.5% 
was safe and well tolerated in the overall patient pop- 
ulation. No serious adverse events assessed as related 
to therapy were reported. Overall, adverse events as- 
sessed as related to moxifloxacin ophthalmic solution 
0.5% occurred in 4.7% of the patients, whereas 2.6% 
of the patients experienced adverse events assessed 
as related to the vehicle (data not shown) . Adverse 
events in the moxifloxacin ophthalmic solution 0.5% 
and vehicle groups that were related to study therapy 
were generally mild in intensity and usually resolved 
on their own or with treatment. In addition, adverse 
events in the active-controlled studies (Table 8) 
were similar when comparing moxifloxacin ophthal- 
mic solution 0.5% with ofloxacin ophthalmic solu- 
tion 0.3% or with ciprofloxacin ophthalmic 
solution 0.3%. 



As presented in Table 1, the most frequent adverse 
event (related and not related combined) in the over- 
all safety population receiving moxifloxacin ophthal- 
mic solution 0.5% was ocular discomfort (i.e., 
transient burning and stinging) , which occurred at 
an incidence of 2.8% and was similar to that observed 
with the vehicle group (2.1%). In addition, transient 
ocular discomfort was the most common 
treatment-related event (Table 2) in both the moxi- 
floxacin ophthalmic solution 0.5% group (2.'7%) and 
the vehicle group (1.7%). These events of ocular 
discomfort were mostly mild in intensity, usually re- 
solved without treatment, and rarely prevented a pa- 
tient from completing the study. 

The most frequent nonocular adverse event (re- 
lated and not related combined) in patients receiving 
moxifloxacin ophthalmic solution 0.5% was general 
infection (Table 1), which occurred in 2.0% of the 



TABLES 

Most Frequent* Adverse Events in the Active-Controlled Studies (C-00-46 and GO 1-34) 
00046+ 



Moxifloxacin Ofloxacin Moxifloxacin Ciprofloxacin 

0.5%ti.d. 0.3%q.i.d. 0.5%t.i.d. 0.3% t.i.d. 

(N = 277) (N - 277) (N = 107) (N = 102) 



Adverse Event 


N 


% 


N 


% 


N 


% 


N 


% 


Ocular 














0 


0.0 


Ocular discomfort 


4 


1.4 


1 


0.4 


0 


0.0 


Keratitis 


3 


1.1 


3 


1.1 


0 


0.0 


0 


0.0 


Corneal infiltrate 


2 


0.7 


3 


1.1 


0 


0.0 


0 


0.0 


Tearing 


0 


0.0 


0 


0.0 


3 


2.8 


2 


2.0 
1.0 


Ocular hyperemia 


1 


0.4 


0 


0.0 


2 


1.9 


1 


Nonocular 
















2.9 


Rash 


0 


0.0 


0 


0.0 


3 


2.8 


3 


Rhinitis 


0 


0.0 


1 


0.4 


2 


1.9 


4 


3.9 


Surgical/medical 


0 


0.0 


0 


0.0 


2 


1.9 


3 


2.9 


procedure^ 












1.9 




0.0 


Eructation 


0 


0.0 


0 


0.0 


2 


0 



* Occurring at an incidence of >1 report in either moxifloxacin column. A generous cutoff was chosen due to the 
low frequency of adverse events in the active-controlled studies. Table includes related and non-related adverse events. 
+ Most patients were nonpediatric patients. 
^ All patients were pediatric patients (2-30 days old). 

§ For moxifloxacin 0.5%, 1 case of circumcision and 1 case of frenulectomy. For ciprofloxacin 0.3%, 3 cases of circum- 
cision. 
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patients. This incidence of infection was similar to 
that seen with the vehicle (2.6%). These reported 
adverse events of infection were not related to the 
study drug (Table 2) . Other frequendy reported non- 
ocular adverse events (i.e., increased cough, rhinitis, 
and otitis media) were not related to moxifloxacin 
and occurred at a lower incidence than in the vehicle. 

After an assessment of visual acuity, seven patients 
(an incidence of 0.9%) receiving moxifloxacin oph- 
thalmic solution 0.5% exhibited a clinically relevant 
decrease in visual acuity (Table 3), which is similar 
to that for the vehicle (1.1%). Clinically relevant 
changes in visual acuity were defined as a decrease of 
3 or more logMAR (or Snellen) lines firom baseline 
(day 1 visit). No patient discontinued from the study 
due to a change in visual acuity. For patients exposed 
to moxifloxacin ophthalmic solution 0.5%, no 
changes in visuzil acuity were related to the study 
drug, with one exception. In this incident, a 4-year- 
old child was uncooperative in follow-up visual acuity 
measurements, and the event was conservatively 
reported as related. No clinically relevant-treatment- 
related changes in ocular signs (cornea or iris/ante- 
rior chamber) were observed with moxifloxacin 
ophthalmic solution 0.5%. 

PEDIATRIC POPULATION 

In the five clinical studies, the safety profile of a 
solution of moxifloxacin ophthalmic solution 0.5% 
was evaluated in 462 pediatric patients (3 days-l7 
years old) who received at least one dose of study 
medication. Moxifloxacin ophthalmic solution 0.5% 
was safe and well tolerated in pediatric patients, in- 
cluding all age categories: newborns (0-2'7 days), 
infants and toddlers (28 days-23 months), children 
(2-11 years), and adolescents (12-l7years). No seri- 
ous adverse events assessed as related to therapy were 
reported in any pediatric patient. A small incidence of 
pediatric patients (3.5%) who received moxifloxacin 
ophthalmic solution 0.5% experienced a treatment- 
related adverse event, with a similar incidence of 
2.8% observed for those receiving the vehicle (data 
not shown) . Treatment-related adverse events experi- 
enced by pediatric patients were generally mild in 
intensity and usually resolved on their own. 

As seen in the overall safety population, the most 
common ocular adverse event (related and not re- 
lated combined) experienced by pediatric patients 
in the moxifloxacin ophthalmic solution 0.5% group 
was ocular discomfort (Table 1), which occurred in 
1.9% of the patients, with a similar incidence of 2.2% 
reported for those in the vehicle group. All adverse 
events of ocular discomfort experienced by pediatric 
patients receiving moxifloxacin ophthalmic solution 
0.5% were related to the study drug, whereas five of 



seven adverse events of discomfort for those in the 
vehicle group were treatment-related adverse events. 
Although ocular discomfort was the most common 
treatment-related adverse event, the events were 
generally mild, usually resolved on their own within 
minutes of onset, and did not interrupt patient partic- 
ipation in the study. Most ocular adverse events (re- 
lated and not related combined) were not reported 
in more than three pediatric patients, except ocular 
discomfort, conjunctivitis, subconjunctival hem- 
orrhage, and tearing. 

The most common systemic adverse event (related 
and not related combined) experienced by pediatric 
patients in the moxifloxacin ophthalmic solution 
0.5% and vehicle groups was increased cough 
(includes the development of a cough; see Table 
1 footnote), which occurred in 3.2% and 2.8% of 
patients, respectively (Table 1). For patients exposed 
to moxifloxacin ophthalmic solution 0.5%, most of 
the frequendy reported s)«temic adverse events (in- 
cluding increased cough, infection, rhinitis, and otitis 
media) were assessed as not related to the study drug. 

NONPEDIATRIC POPULATION 

In the five chnical studies, the safety profile of 
moxifloxacin ophthalmic solution 0.5% was evalu- 
ated in 531 nonpediatric (i.e., adult and elderly) pa- 
tients who were 18 to 93 years old and received at 
least one dose of study medication. Moxifloxacin 
ophthalmic solution 0.5% was safe and well tolerated 
in adult (18-64 years old) and elderly (65 years 
and older) patients. No serious adverse event assessed 
as related to therapy was reported in any adult or 
elderly patient. Adult and elderly patients who re- 
ceived moxifloxacin ophthalmic solution 0.5% ex- 
perienced treatment-related adverse events (5.8%) 
at an incidence similar to that of those who received 
vehicle (3.9%; data not shown). 

As seen in the overall safety population, the most 
common adverse event experienced by adult and el- 
derly patients exposed to moxifloxacin ophthalmic 
solution 0.5% was ocular discomfort, which occurred 
in 3.6% of the patients (Table 1) versus an incidence 
of 2.1% for patients receiving the vehicle. These 
events of ocular discomfort were mild in intensity 
(except for one incident that was moderate) , resolved 
without treatment, and did not prevent any patient 
from completing the study with one exception. All 
events of ocular discomfort in the nonpediatric popu- 
lation were related to the study drug, with one excep- 
tion in both the moxifloxacin ophthalmic solution 
0.5% group and the vehicle group. Nonpediatric pa- 
tients who complained of ocular discomfort in the 
moxifloxacin ophthalmic solution 0.5% group 
(Table 4) were only in the adult age group and not 
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the elderly group. Also, although visual acuity de- 
crease was reported in 1.1% of the nonpediatric pa- 
tients receiving moxifloxacin ophthalmic solution 
0.5% (and at an incidence of 1.8% in the vehicle 
group) , none of these were treatment-related. In fact, 
besides ocular discomfort, ocular pruritus, and 
ocular pain (Table 2), no treatment-related ocular 
adverse event was reported in more than one nonpe- 
diatric patient across all five studies. 

Common systemic adverse events (related and not 
related combined) experienced by nonpediatric pa- 
tients (Table 1) who received moxifloxacin ophthal- 
mic solution 0.5% were general infection (1.5%) and 
headache (1.7%), which all occurred in adult pa- 
tients (Table 4). With one exception of headache, 
these systemic events were not related to the study 
drug for patients exposed to moxifloxacin ophthal- 
mic solution 0.5%. Nonpediatric patients exposed 
to the vehicle reported an incidence of 0.4% for 
infection and 5.7% for headache, which were mostly 
not related to the study drug. 

Conclusion 

Because the use of topical fourth-generation flu- 
oroquinolones is relatively new, it is important to 
establish the safety and tolerability of moxifloxacin 
ophthalmic solution 0.5% formulated without 
benzalkonium chloride. Thus, the safety of moxi- 
floxacin ophthalmic solution 0.5% was evaluated 
against a comparator (i.e., ofloxacin ophthalmic solu- 
tion 0.3%, ciprofloxacin ophthalmic solution 0.3%, 
or vehicle) in clinical studies that included 1,978 
patients pooled across five studies. No serious treat- 
ment-related adverse events were reported in these 
studies. In fact, no adverse event (treatment-related 
or not related) was reported across the five studies at 
an incidence greater than 3.0% in the moxifloxacin 
ophthalmic solution 0.5% group. Ocular adverse events 
in the overall population, particularly those related 
to the study drug, were generally mild in intensity 
and usually resolved without intervention. A review 
of the adverse event profile, visual acuity assessments, 
and ocular signs parameters for patients enrolled in 
the five clinical studies demonstrated that the safety 
and tolerability of a solution of moxifloxacin ophthal- 
mic solution 0.5% was similar to that of the vehicle. 
In addition, no safety concerns were identified when 
comparing moxifloxacin ophthalmic solution 0.5% 
with ofloxacin ophthalmic solution 0.3% or ci- 
profloxacin ophthalmic solution 0.3%. 

The most common treatment-related adverse event 
in the overall safety population, including both pedi- 
atric and nonpediatric patients, was transient ocular 
discomfort. Although a solution of moxifloxacin oph- 
thalmic solution 0.5% is the highest concentration 



of a fourth-generation fluoroquinolone currently 
available, the incidence of transient discomfort in 
those receiving moxifloxacin ophthalmic solution 
0.5% t.i.d. was similar to that seen in the vehicle 
group. These events of ocular discomfort were usually 
mild in intensity and generally resolved on their own 
after a few minutes. From product launch in May 
2003 through December 31, 2004, only 12 postimar- 
keting adverse event reports of eye irritation have 
been received out of more than 3.6 million units of 
moxifloxacin ophthalmic solution 0.5% (VIGAMOX®) 
sold, confirming the safety and tolerability of this 
product already demonstrated in the clinical stud- 
ies. Besides transient ocular discomfort, ocular pruri- 
tus and taste perversion were the only treatment- 
related adverse events reported in more than three 
patients receiving moxifloxacin ophthalmic solution 
0.5% in the overall safety population across the five 
clinical studies. 

Because bacterial conjunctivitis is an infection 
commonly diagnosed in pediatric patients, the safety 
of moxifloxacin ophthalmic solution 0.5% was evalu- 
ated in individukls as young as 3 days.* The safety 
profile of moxifloxacin ophthalmic solution 0.5% 
in pediatric patients was similar to that observed in 
nonpediatric patients and in the overall safety popu- 
lation. In particular, ocular adverse events were de- 
tected in the pediatric patients, including newborns, 
at an incidence less than 2.5%, which demon- 
strates the safety and tolerability of moxifloxacin oph- 
thalmic solution 0.5% even in the youngest pediatric 
patients. Some nonocular adverse events were re- 
ported at slightly higher incidences relative to ocular 
events; however, these events were generally not re- 
lated to the study drug. In fact, besides ocular discom- 
fort and ocular hyperemia (data not shown), no 
treatment-related adverse event occurred in more 
than two pediatric patients exposed to moxifloxacin 
ophthalmic solution 0.5% across the five clinical 
studies. 

In summary, data integrated across five well-con- 
trolled clinical studies demonstrate that moxifloxa- 
cin ophthalmic solutioii 0.5% presents no safety 
concerns for patients, including newborns and in- 
fants/toddlers. In addition, the safety of moxifloxa- 
cin ophthalmic solution 0.5% did not significantly 
differ from that of ofloxacin ophthalmic solution 
0.3%, ciprofloxacin ophthalmic solution 0.3%, or the 
vehicle. Thus, moxifloxacin ophthalmic solution 
0.5% dosed t.i.d. is safe and well tolerated in pediatric 
and nonpediatric patients. 

Methods of Literature Search 

Referencgs cited in this article were identified from 
searches of the following computer-based databases: 
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MEDLINE, reference lists of review articles, and Asso- 
ciation for Research in Vision and Ophthalmology 
abstracts (2001-2005). Key words employed were 
VIGAMOX®, moxifloxadn, fluoroquinolone, pediatric, 
adverse events, and safety. No non-English articles 
are cited. 
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Abstract. The vintage antibiotics that were available in the 1950s-1980s were sometimes toxic, had 
limited spectra, and were bacteriostatic agents, and they have been replaced by significandy broader- 
spectrum therapies. We ask more of our future antibiotic products for ophthalmology: they must be 
1) broad spectrum, 2) convenient to use, 3) useful prophylactically, 4) effective therapeutically, 5) 
benzalkonium chloride-free, 6) comfortable, and 7) nontoxic. The emergence of antibiotic resistance 
has focused us on more potent agents effective against resistant strains of bacteria. Fluoroquinolones 
have become a dominant family of ophthalmic antibiotics. But even die older fluoroquinolones (e.g., 
ofloxacin, ciprofloxacin) have lost much of their effectiveness against some important ocular isolates. 
Considering all of the characteristics for an ideal ophthalmic antibiotic product available today, 
moxifloxacin ophthalmic solution 0.5% represents a primary antibiotic product of choice for treating 
and preventing ophthalmic infections. (Surv Ophthalmol 50:S64-S67, 2005. © 2005 Elsevier Inc. 
All rights reserved.) 



Keywords, benzalkonium chloride • ciprofloxacin • fluoroquinolones • gatifloxacin • 
levofloxacin • moxifloxacin • ofloxacin • ophthalmic therapy • VIGAMOX® 



Product Evolution and Demands 

Gone are the days in the 1950s and 1960s when 
there was a wide range of choices for antibiotic ther- 
apy. Eye care practitioners no longer use sulfon- 
amides, chloramphenicol, polymyxin, or bacitracin to 
treat ophthalmic infections. The use of aminogly- 
cosides (neomycin, gentamicin, tobramycin) is 
waning as better agents in .the fluoroquinolone family 
become available. These 1950s vintage antibiotics 
were sometimes toxic, had limited spectra, were bac- 
teriostatic agents, and have been replaced by signifi- 
cantly broader-spectrum therapy. We ask more of our 



future antibiotic products for ophthalmology. They 
must be very effective against a wide range of infec- 
tious agents. They must be convenient to use for 
the surgeon and patient. They must cure quickly or 
sterilize the surgical eye area efifectively. They should 
be able to be used prophylactically to prevent infec- 
tions and therapeutically to cure infections. They 
must be able to be used in a wide variety of people, 
from neonates to geriatric patients. They must be 
broad enough to be used prophylactically and strong 
enough to cure serious, specific infections. Their 
dosage regimens must be simple, yet effective. They 
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must be comfortable and nontoxic to the eye. They 
should be useful in treating or preventing a wide range 
of ocular infections (e.g., conjunctivitis, keratitis, en- 
dophthalmitis, blepharitis, dacryocystitis). 

Growing Antibiotic Resistance 

Growing microbial resistance to current antibacte- 
rial agents and widening gaps in antibiotic cover- 
age create a need for a more potent and genetically 
smart fluoroquinolone. When ciprofloxacin, the first 
ocular fluoroquinolone, became available for oph- 
thalmic use roughly a decade and a half ago, there 
was tremendous excitement. This was our knockout 
punch in the fight to prevent ocular infection, espe- 
cially after cataract and refractive surgery. Today, 
however, our most impressive weapon has lost some 
of its punch.^^'^^'^* Several microorganism groups 
have developed resistance to ciprofloxacin and its 
sister fluoroquinolones, ofloxacin and levofloxacin, 
more quickly than imagined, and resistance levels 
are increasing each year (Fl).'® 

The bacteria hold most of the cards for the future. 
They will evolve and respond to their environment 
and produce progeny that will be resistant to today's 
antibiotics. Humans can only try to keep ahead of 
these clever creatures. Abandoning the old antibiot- 
ics and taking on the new is the only way to keep 
abreast of and even stop resistant trends. Continuing 
to use older, previous-generation antibiotics will only 
facilitate the continued development of resistant 
strains." To our knowledge, there are no studies 
that prove or suggest topical application of moxi- 
floxacin has the potential to induce microbial resis- 
tance distal to the site of instillation. 

Conjunctivitis 

Conjunctivitis occurs worldwide and affects people 
of all ages, all social strata, and both sexes. It has 
been cited as one of the most firequent causes of self- 
referral in the practice of comprehensive ophthal- 
mology.^'*^'*^'** According to the American Academy 
of Ophthalmology (F2), conjunctivitis infirequently 
causes permanent visual loss or structural damage, 
but the economic impact of the disease in terms of 
lost work time, although undocumented, is doubt- 
less considerable. 

Fluoroquinolones 

The fluoroquinolones are an evolving and power- 
fiil class of broad-spectrum antimicrobial agents used 

^' Alfonso EC: Why is the next generation of antibiotics so im- 
portant? Refractive Eyecare Ophthalmol 7(Suppl):l, 2003. 

^ AAO, Cornea/External Disease Panel and the Preferred Prac- 
tice Patterns Committee: Conjunctivitis. San Francisco, AAO, 2003. 



in the prevention and treatment of a variety of ocular 
infections; however, resistance to currentiy available 
agents in the class has been emerging among ocular 
pathogens.^'* They interfere with bacterial deoxyribo- 
nucleic acid synthesis, and newer generations of these 
compounds have improved broad-spectrum cover- 
age. The topical fourth-generation fluoroquinolones, 
moxifloxacin and gatifloxacin, were approved in 
2003 by the US Food and Drug Administration for 
ocular indications. These antibiotics represent the 
most advanced group of compounds within the class, 
offer a unique dual-binding mechanism of action 
in gram-positive organisms, and have activity against 
otherwise resistant species.* Recent reports (F3) have 
indicated that the fourth-generation fluoroquino- 
lones, moxifloxacin and gatifloxacin, are more effec- 
tive than earlier generations of fluoroquinolones and 
tobramycin, based on minimum inhibitory concentra- 
tions (MICs) and susceptibility results. Several recent 
in mvo studies using prophylactic models with rabbits 
have shown the potency of these antibiotics in pre- 
venting infections by common pathogens.*'®'^' Al- 
though fiirther clinical evidence of their efficacy in 
prophylaxis and treatment of human ocular infections 
is required, there is a growing need for compounds 
with this potential to combat emerging resistance.'*'® 



Benzalkonium CMoride-Free Products 

Agents that are innately antibacterial, such as antibi- 
otics, like the fluoroquinolones, have the opportunity 
of being formulated in multiple-dose containers with- 
out added antimicrobial preservative agents, such as 
benzalkonium chloride. This preservative has served 
the ophthalmic community well over the last 50 years 
and is still required for preserving antiglaucoma and 
other ophthalmic products. But researchers should 
take the opportunity to avoid additional chemicals in 
any ophthalmic formulation, if possible, unless new 
data suggest some previously unrecognized benefits. 
Moxifloxacin ophthalmic solution (VIGAMOX®, 
Alcon Laboratories, Inc., Fort Worth, TX) is the first 
fluoroquinolone antibiotic preparation available in 
the US that does not need benzalkoniimi chloride to 
be adequately preserved (F4). There are a number of 
benzalkonium chloride-free fluoroquinolone prod- 
ucts for ophthalmology available in Japan. 



^ Tepedino ME: Microbiological analyses of the activity of 7 
anti-infectives against isolates from patients with acute bacterial 
conjunctivitis (abstract). Invest Ophthalmol Vis Sci 45(Suppl): 
4914, 2004. 

^* Schlech BA, Sutton S, Rosenthal RA, et al: Antimicrobial pre- 
servative efifectiven'fess of VIGAMOX®™ (abstract). Invest Ophthal- 
mol Vis Sci 45(Suppl):4913, 2004. 
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Therapeutic Usage 

Topical therapy for treatment of infections remains 
an important and convenient avenue for the 
physician. The ability of an antibiotic to cure an ocular 
infection quickly and prevent serious vision loss is a 
paramoimt consideration for evaluating the eiBfective- 
ness of therapeutic antibiotics. The ability of the antibi- 
otic to penetrate the ocular tissues and kill and 
eradicate the pathogens at the site of the infection 
is an important goal. At this time, antibiotics such 
as moxifloxacin have better ocular penetration quali- 
ties than earlier fluoroquinolones, such as ciprofloxa- 
cin or ofloxacin (F5, F6, ¥7)}^'^^ 

Prophylactic Usage 

The prevention of infections before, during, and 
after surgery and the use of prophylactic antibiotic 
products will undoubtedly continue in the 
future.^''^'^"'^^'^^ With diis use, the antibiotic with the 
widest spectrum, lowest number of resistant strains, 
and fewest side effects should be the agent of choice 
for prophylaxis. The broad, shotgun approach still has 
merit in the surgical suite (psy^-"-^-^ 

Antibiotic Susceptibility Testing 
and Breakpoints 

The future of susceptibility testing is uncertain. The 
links between tests that define a pathogen as resistant 
or susceptible to a particular antibiotic are coming 
under fire. Standards have been set for systemic 
breakpoints for most antibiotics, but it is argued that 
these levels are not really relevant to the antibiotic 
levels achievable in ocular tissues via topical dosing.'® 
The relatively poor predictive value of in wiiro suscepti- 
bility is even dramatized more when systemic 
breakpoints are applied to ophthalmic antibiotics and 



Robertson SM, Sanders M, Jasheway D, et al: Absorption and 
distribution of moxifloxacin, ofloxacin and gatlfloxacin into 
ocular tissues and plasma following topical ocular administration 
to pigmented rabbits (abstract). Invest Ophthalmol Vis Sci 
45 (Suppl) :4906, 2004. 

™ Robertson SM, Sanders M, Jasheway D, et al: Penetradon and 
distribution of moxifloxacin and ofloxacin into ocular tissues 
and plasma following topical ocular administration to pigmented 
rabbits (abstract). Invest Ophtiialmol Vis Sci 44(Suppl):1454, 2003. 

Solomon R, Donnenfeld E, Perry H, etal: Penetration of 
topically applied gatifloxacin 0.3%, moxifloxacin 0.5%, and ci- 
profloxacin 0.3% into the aqueous humor (abstract). Invest Oph- 
thalmol Vis Sci 45 (Suppl) :4928, 2004. 

Shah M, Ritterband D, Dingley A, et al: Will the new genera- 
tion of fluoroquinolone antibiotics become the antimicrobials of 
choice in endophthalmitis prophylaxis? AbsOract 12, Presented at 
the meeting of the OcuIarMicrobiology Immunology Group, 2002. 



their usage.^^ However, MICs are still of great value 
for rank ordering the power of various 
antibiotics or comparing the organisms that make up 
the most resistant or less sensitive groups.^ 

Culturing Bacterial Pathogens 

Isolating and identifying an infecting organism is 
still a key principle of the 1883-1884 postulates de- 
fined by Robert Koch. Microbiologists will continue to 
show the virtue of culturing, isolating, or detecting 
the main pathogen in ophthalmic infections. It has 
been shown that culture confirmation affects the anti- 
bacterial therapeutic response rate of ulcerative kera- 
titis.^^ Corneal infections by relatively ciprofloxacin- 
resistant bacteria respond more slowly to ciprofloxa- 
cin therapy. Antibacterial susceptibility testing of cor- 
neal cultures may predict the fluoroquinolone 
therapeutic response rate of bacterial keratitis.^'' 

Ideal Antibiotic Product for 
Ophthalmology 

For today's time and considering all of the charac- 
teristics for an ideal ophthalmic antibiotic product, 
moxifloxacin ophthalmic solution 0.5% (as VIGA- 
MOX®) represents a primary antibiotic product of 
choice for treating and preventing ophthalmic infec- 
tions. This includes improved effectiveness and po- 
tency, spectrum breadth, utility' in treating and 
preventing infections, greater solubility, enhanced 
ocular penetration, acceptable safety, lack of benzalko- 
nium chloride, and lower risk of resistance develop- 
ment. These virtues have been highlighted in this 
supplement. Nevertheless, the future will require even 
more advanced medications and therapy options. 
Such is the nature of infectious disease control for 
ophthalmology. 

Method of Literature Search 

We performed a literature search for this article 
based on MEDLINE database searches from 1990 to 
2005, using varying combinations of the search terms 
ocular infections, ophthalmic antibiotics, moxifloxacin, gati- 
floxacin, ciprofloxacin, ofloxacin, fluoroquinolones, therapy, 
prophylaxis, and future. Relevant English journal articles 
and/or abstracts were selected for review.® 
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Corneal Penetration Behavior of /3-Blocking Agents 1: 
Physicochemical Factors 

RONALD D. SCHOENWALD » and HONG-SHIAN HUANG • 



Abstract □ Rabbit corneas were excised and mounted in a chamber to 
determine the permeability characteristics of a group of /3-blocking agents 
which varied in octanol-water partitioning over a fourfold logarithmic 
range. From the permeability rate at steady state, permeability coeffi- 
cients (pH 7.65) were determined. For each drug the distribution coef- 
ficient and pK„ were measured, permitting the partition coefficients to 
be estimated. Various correlations were determined for the log perme- 
ability coefficient as a sum of log functions of the partition (or distribu- 
tion) coefficient, molecular weight, and/or degree of ionization. The best 
fit, as judged by a high correlation coefficient (r = 0.9756) and lack of 
systematic deviation, was represented by. log Pt = 0.623 log DC - 
0.108(logDC)«- 5.0268. 



KeyphraseB □ /3-Blocking agents — permeability cl 



rabbit corneas, physicochemical factors □ Permeability — ^-blocking 
agents, excised rabbit corneas, physicochemical factors □ Ophthalmic 
drugs — /3-blocking agents, corneal permeability, rabbits, physicochemical 
factors 



Whenever an ophthalmic drug is applied topically to the 
eye, only a small amount (<10%) actually penetrates the 
cornea and reaches the internal eye tissues (1-3). Precor- 
neal factors, such as rapid drainage by the nasolacrimal 
apparatus and noncomeal absorption, account for the poor 
absorption (4). As a result, optimal absorption depends on 
achieving a rapid penetration rate across the cornea to 
minimize the competing, but nonabsorptive rate factors. 
Rapid penetration either permits a lower dose to be ad- 
ministered or, in the case of an inactive drug, leads to the 
development of a clinically effective drug. 

The penetration potential of a drug with regard to its 
chemical structure can be assessed by the use of the par- 
tition coefficient of the drug. This has been shown for the 
cornea by Schoenwald and Ward (5) and by Mosher and 
Mikkelson (6). Schoenwald and Ward (5) determined the 
permeability rates across excised rabbit corneas for 11 
steroids. Permeability coefficients for each steroid were 
calculated, and their logarithms were plotted against their 
respective log octanol-water partition coefficients. A 



parabolic relationship fit the data, with optimal perme- 
ability observed at a log partition coefficient of 2.9. Like- 
wise, Mosher and Mikkelson (6) determined the in vitro 
corneal transport of n-alkyl-p-aminobenzoate ester 
homologues. For this series a parabolic equation also fit the 
data; optimal permeability was observed at a log partition 
coefficient of 2.5-2.6 (n-propyl homologue). 

Although relative poten^r is a significant factor, a rapid 
penetration rate can contribute significantly to effective- 
ness. For example, prednisolone acetate (1% ophthalmic 
suspension) has been ranked as the most effective topical 
anti-inflammatory agent when the epithelium of the in- 
flamed cornea is intact (7), whereas prednisolone (equally 
potent orally) is not effective topically. The prodrug di- 
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xised corneal preparation used in the 
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Table l-Continued 



Very lipophilic: 

OCHj-CHOH-CHj-NH-C (0)3)3 Peiibut-9^ 14,206.0 



6^ 



CHOH-CH,-NH-C(CH^) 



CHOH-CH2 NH-CH2CH 2 -^^^^OCH 3 



OCH ,-CHOH-CH,-NH-Cll 1 



OCH,-CHOH-CH,-NH-C(CH,), Levbu- 9.32 249.0 



O-CHj-CHOH-CHj-NH-CHCCHj)^ Oq^-9.32 236.0 

:H2-CH=CH2 



0-CHj 



CH,-CHOH-Cii2-NH-C(CH3)3 Timobd 9.21 82.0 



Hydrophilic; 

CHOH-CHj-NH-aKCHjjj Sotalol p«o, 0.24 



OCHj-CHOH-CHj-NH-CCCHj) 3 Nadolol 9.39 8.5 



OCH^-CHOIl-CHj-NH-CH (CHj) ^ 

'1 



(CH3) 2 Propn- 9.23 1640.0 



pivefrin is another example of a drug with improved cor- 
neal penetration when compared with the parent drug, 
epinephrine (8). A more rapid penetration rate for the 
prodrug has led to use of a reduced dosage and the obser- 
vation of less ocular side effects. 

The ;8-blocking agent timolol was introduced commer- 
cially to treat glaucoma following topical instillation of eye 
drops. Propranolol (9), atenolol (10), metoprolol (11), and 
practolol (10) also lower intraocular pressure, whereas 
nadolol and sotalol appear not to (12), even though nadolol 
is approximately equal in potency to propranolol. The 
purpose of this study was to compare the permeability of 
a series of /^-blocking agents with a fourfold range in par- 
titioning behavior across excised rabbit corneas to deter- 
mine if optimal permeability can be identified. 

EXPERIMENTAL 



:h,-CIIOH-CH,-MH-CH(CH,), Metop- 9.24 76.0 

2 * ' rolol 



o-CH,-CHOH-CH,-NH-CH(CH,), Acebut- 9.20 59.0 



NH0C-CH,CH,Cil, 



hydrochloride'', levbunolol hydrochloride^, metoprolol tartrate*, nadolol*, 
oxyprenolol hydrochloride^ penbutolol sulfate', propranolol hydro- 
chloride', sotalol hydrochloride^, and timolol maleate^". Structures of 
each drug are shown in Table I. 

Potentiometric Titration Method for the Determination of 
pK» — A pH meter" connected to a titrator'^ and equipped with a 
combination electrode^^ was used. The titrator was equipped with a 
1.0-ml, syringe-lype buret and was used for all titrations in the study. The 
buret was attached to a delivery tip capable of accurately metering 0.005 

■ May & Baker LTD Research Laboratories. 

' Stuart Pharmaceuticals, Civision of ICI Americas Inc., Wilmington, Del. 
' Warner-Lambert Company, Pharmaceutical Research Division, Ann Arbor, 
Mich. 

* Roche Producte LTD, Research Department. 

5 CIBA Pharmaceutical Co., Division of CIBA-GEIGY Corp., Summit, N J. 
« E. R Squibb & Sons, Inc., Princeton, N.J. 
' Hoechst-Roussel Pharmaceuticals, Inc., SomerviUe, N.J. 

• ' —St Laboratories, Inc., New York, N.Y. 
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" Model 620. Fisher Accumet pH meter. 

" Metrohm Multi-Dosimat E41S, Herisau, Switzerland. 

i> Metcohm AG 9100, Herisau, Switzerland. 
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Drug 

Acebutolol 
Atenolol 
Bevantolol 
Bufuralol 
Levbunolol 
Meto|)rolol 



ml of titrant into the titration cell. The cell had a capacity of 50 ml and 
was surrounded by a jacket through which 35° water was circulating. A 
0.29-mg/ml solution (1 xaM) of a salt of each /3-blocking agent was pre- 
pared for titration. In the event that the drug species was a free base, an 
equivalent amount of hydrochloric acid was added. For some highly 
lipophilic drugs, such as penbutolol and bufuralol, a concentration as low 
as 100 /ig/ml was used to prevent precipitation during drug titration. 

An aliquot (25-40 ml) of drug solution was accurately transferred to 
the titration cell, maintained at 35°. Nitrogen continuously flowed over 
the sample solution to prevent carbon dioxide absorption from the sur- 
rounding air. At each titration interval, a volume of 0.005-0.02 ml of ti- 
trant was added while stirring. For the mtuority of /3-blocking agents, 
which have pK, values of 8-9.4 at 35*, the titration usually started at pH 
~€ and ended at pH 10 or 1 1 . A modified Gran plot was used to determine 
the Ka for each compound (13) with the exception of aotalol, which 
contained two Ka values determined by the Speakman method (14). 

Determination of Distribution CoefHcients (15)— Sorensen's 
phosphate buffer (pH 7.38) was prepared from monobasic potassium 
phosphate and dibasic sodium phosphate. The buffer and octanol were 
mutually saturated at 35° before use. The distribution coefficient at 35° 
was determined by dissolving drug in the aqueous-buffer phase and 
shaking intermittently with octanol at 35° for 5 hr to reach a distribution 
equilibrium. The volume ratio of octanol and buffer depended on the 
lipophilicity of the drug. The volumes of each phase were chosen so tliat 
drug concentration in the aqueous phase, before and after extraction, 
could be measured by high-performance liquid chromatography (HPLC). 
Centrifugation was used to separate the two phases. 

The distribution coefficient (DC) was calculated by: 

CbVo 

where Cb and C. represent the concentrations in the aqueous-buffer 
phase before and after distribution, respectively; Vw represents the 
volume of the aqueous phase; and Vo, the volume of the octanol phase. 
The partition coefficient (PC) was calculated from the distribution 

coefficient by; 



PC = DC 1 + - 



1 



V ■ antilog(pH-pK„)i '^'^^ 
The pH was measured from the buffered phase at 35' after distribution 
was complete. All distribution coefficients reported here were measured 
at pH 7.4, but through the use of Eq. 2 were converted to pH 7.65, the pH 
of tiw excised corneal experiments. 

Excised Cornea Procedure— Male New Zealand White rabbits'^ 
weighing 1.6-2.0 kg each, were sacrificed by injecting a bolus of air into 
the marginal ear vein. The intact eye, along with the lids and conjunctival 
sac, was then enucleated. The exposed cornea of the enucleated eye was 
carefully placed on a corneal holder, which maintained the cornea cur- 
vature and held the eye in place (5, 16, 17). Various tissues «rf the eye were 
dissected leaving the cornea, a small ring of scleral tissue, and the pal- 
pebral conjunctiva, which was tied to the corneal ring (Fig. 1). 
The conjunctival and scleral tissue served as a gasket and permitted 



20,38 
20,7.6 
28,30 



Nac 

Oxprenolol 
Penbutolol 
Propranolol 
Sotalol 
Timolol 



• (A) M-Bondapalt C18; (B) ft-Bondapak CN. Waters Associates, MUford, Mass. 
' The two numbers represent the percentage of methanol in the mobile phase for 
partitioning and corneal (Ktmeability deteraainations^ resi>ectivel^^^ aqueous 



acid; the flow rate was 2.0 ml/min for these conditions. 

the cornea to be suspended within the corneal ring, which was then po- 
sitioned between rings 1 and 2 and placed in the center of the perfusion 
chamber. The chamber was made from acrylic plastic** and was jacketed 
to maintain the cornea and the perfusion solution at 35° (5, 16, 17). 

Bicarbonated Ringer's solution was modified (17) to preserve tissue 
integrity of an excised cornea over 6 hr and used throughout the perfusion 
studies. It was prepared in two parts: Part I was composed of sodium 
chloride (12.4 g/liter), potassium chloride (0.716 g/liter), monobasic so- 
dium phosphate monohydrate (0.206 gAitei), and sodium bicarbonate 
(4.908 g/liter); part II was composed of calcium chloride dihydrate (0.230 
g/liter), magnesium chloride hexahydrate (0.318 g/liter), glucose (1.80 
g/liter). and oxidized glutathione^ (0.184 g/liter). Both parts were stored 
in the refrigerator and were used in ~3 weeks to prevent mold growth. 
Equal volumes of parts I and II were mixed prior to use. 

WitWn 20-40 min of death, the cornea was mounted and clamped 
between two cylindrical compartments of the perfusion chamber. A 
measured volume (7.0 ml) of bicarbonated Ringer's solution was added 
first to the endothdial side as the receiving solution to prevent the cornea 
from buckling. An equal volume of solution containing a |3-blocking agent 
was then added to the epithelial side as the drug solution. The perfusion 
chamber system was designed in such a way that the height of the re- 
ceiving solution was slightly higher than that of the drug solution to en- 
sure that the cornea would not buckle during the course of the experi- 
ment A mixture of 02-C02 (95:5) was bubbled through the fluids m both 
chambers for 10 min to achieve a pH of 7.65 before being added to the 
perfusion chamber. Circulation of fluid inside each half chamber was 
induced immediately by bubbling the same gas mixture through at a rate 
of three to five bubbles/sec to maintain the solution at a constant pH of 
7.65. 

Samples ranged from 0.1 to 0.5 ml depending on the assay sensitivity 
of each drug. Samples were withdrawn from the receiving chamber (i.e. , 
endothelial side) over a 4-hr period. An equal volume of solution was 
immediately added to the receiving solution to maintain a constant vol- 
ume. The first sample was withdrawn within 2 min after starting the 
permeation and served as a control to detect leakage and rapid pene- 
tration. Subsequent samples were taken approximately every 40 min 
through the 4-hr period. 

The sampling method for the corneal permeability experiments of 
levbunolol and nadolol varied from other drugs in that equal volumes of 
solutions (0.1 ml) were removed from both sides of cornea. In this way, 
equal volumes on both sides were maintained throughout the experi- 

After each permeability experiment, the cornea was trimmed of excess 
scleral tissue and conjunctiva, weighed, and dried in an oven overnight 
at 103'. After each cornea was dried, it was reweighed so that the hy- 
dration level of the wet cornea could be determined. The normal cornea 
has a hydration level of 76-80% (18). If manipulation of the cornea or if 
the drug itself led to damage of the epithelium and/or endothelium, then 
the hydration level would rise (83-92%) and the data were discarded. 

Determination of Aqoeous Diffusional Layer Resistance in the 
Perfusion Chamber — Fluid circulation in the chamber was provided 



" Mori 



in Rabbitry, West Branch, Iowa. 



Figure 3 — Permeability rate of propnawlol (9) and atenolol (O) across 
single excised rabbit corneas including linear regression lines; the initial 
concentrations for propranolol and atenolol were 8S and 2000 iiglml, 

respectively. 

by maintaining a rate of tiiree to five gas bubbles/sec This maintains good 
mixing within each half chamber, as can be shown by adding a drop of 
colored solution into either half of the chamber and ol)8erving the ho- 
mogeneous color that occurs in <1 rain. However, to accurately determine 
the resistance of the cornea, it was necessary to detect and measure the 
magnitude of aqueous diffusional layer resistance, fl.,; consequently, 
the stirring was modified for these experiments. 

The perfusion chamber was modifiMl by installing two stirrers, one on 
each side of the cornea, with the center of each stirrer affixed 1 cm fi:om 
the center of the corneal ring. Figure 2 depicts the modified perfusion 
chamber and rings used in mounting the cornea. In preliminary experi- 
ments it was observed that different rates of stirring induced varying 
degrees of swelling due to mechanical injury of the epithelium and en- 
dothelium. 

An important purpose of the epithelium and endothelium is to control 
the thiclaiess of ^e cornea by maintaining hydration levels at ~ 78%. By 
completely removing the epitheUum and endothelium, the remaining 
stromal layer reached a constant and maximal thickness within the first 
30 min of stirring such that subsequent changes in the stirring rate had 
no effect. The epithelium was removed by scraping with the blunt end 
of a scalpel blade. The endothelium was gently rubbed off with a cot- 
ton-tipped applicator (19). The removal of endothelium could be detected 
with the aid of a dissecting microscope. The epithelium was removed 
immediately following enucleation; the endothelium was removed just 
prior to mounting in the perfusion chamber. Atenolol (500 jig/ml) was 
chosen as the diffusing substance for these experiments. Since the 
aqueous diffusional barrier is independent of drug, these results were 
interpreted for the other i9-blocking agents as well. 

Once drug was placed adjacent to the cornea, the stirring speed was 
increased in steps every 30 min over a 4-hr period. The apparent per- 
meability coefficients were determined for each 30-min increment. A 
sample was removed for atenolol analysis at the beginning and end of each 
30-min period; both samples were used to calculate the permeability 
coefficient for each stirring speed. To minimize biological variability, each 
cornea was used to generate five or six permeability coefficients over a 
period of 4 hr. 

Drug Assay— An HPLC method was used for analysis of each drug. 
The HPLC system included an iiyector", solvent delivery system, UV- 
absorpUon detector", column", and recorder". The injector was 
equipped with different-sized loops, ranging ftom 60 /il to 200 ml, which 

of known concentration was used as an external standard. Eadi sample 
solution was divided so that two injections could be made and the results 



>' Model 7125 injector; Rheodyne, Cotati, CA94»2S. 
'•M-eOOOAsolventdeUveiy system. Model 440 abwntnnce detect 
18, and fi-Bondapak CN Columns; Waters Associates, Milford, 1 
" Model 5211-1; OmnlScribe; Houston Instruments, Austin, Tc 



Figure 4 — Nonlinear regression results of the diffusional re 
of (denolol to stirring rate through excised rabbit stromal preparations. 
Each point is the average of 3-6 determinations; standard deviations 
were <10% of the mean. 

The mobile phases consisted of varying ratios of methanol and 
deaerated, deionized water containing 1.5% acetic acid, adjusted to pH 
4 using sodium hydroxide. One exception was the mobile phase for sotalol 
and timolol, which utilized 0.005 M heptanesulfonic acid (to increase 
retention time) and 1% acetic acid. Table II lists the types of columns 
used, wavelengths at which UV measurements were made, methanol 
content of the mobile phase, and mobile phase flow rate. Methanol per- 
centages in the mobile phases varied depending on whether partitioning 
or permeability experiments had been conducted. Drug solutions with- 
drawn from the endothelial side following corneal permeability contain 
polar extracts from the cornea vHuch were eluted ttom the column within 
1-3 min. In all experiments the retention times for the drugs were be- 
tween 4 and 12 min. Linearity existed over the concentrations employed 
for each ;3-blocking agent (correlation coefficients >0.99). 

Calculatioii of Permeability Coefficients— The apparent perme- 
ability coefficient (P,pp, cm/sec) was determined by (19): 



' At {3600) ACo ^^"'^ 
where the term AQ/At is the permeability rate (i.e., steady-state flux, 
ftg/hr) of drug across each excised cornea, Co is the initial drug concen- 
tration (;zg/ml), A is the corneal surface area (cm^), and 3600 is the con- 
version of hours to seconds. Corrections of Co were made to account for 
the sample volume removed over time and subsequently replaced with 
blank solution. 

The corneal thickness increases with hydration, and the permeability 
coefficient is inversely proportional to barrier thickness. Therefore, it 
was important to determine corneal thicknesses. For a 2-kg rabbit, the 
corneal thickness (h) can be determined by: 
0^42 + H 



ft(cm) = 



100 



(Eq.4) 



where H is the mg of water/mg of dry tissue (20). When stromal thick- 
nesses were swdlen due to epithelial and endothelial removal, the stroina 
resistances, Aur^wit that were used to assess the aqueous diffusional 
barrier were corrected to the normal stromal tiiickness as existing in intact 
cornea (i.e., «,»,!„,) by: 



Attr.int = ftrtf^wl j 



Sq.5) 



RESULTS AND DISCUSSION 

The pKa and partition coefficients of each |}-blocking agent are listed 
in Table I. Although the aromatic substituents varied substantially for 
the series, these were too far removed firom the amino group to exert much 
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of an effect on the pK, values. Therefore, most pKa values were within 
a narrow range (8.97-9.65). The pKa of bevantolol was slightly lower 
(8.38) because of the electron-withdrawing effect of the ethoxybenzyl 
substituent. Sotalol has two pKa values, 8.15 and 9.72, which are close 
to one another and compare reasonably well to the values of 8.30 and 9.80 
published by Garrett and SchneJle (21) using the potentiometric titration 
method at 25°. The anilino group in sotalol acts as a weak acid as a result 
of the electron-withdrawing effect of the neighboring sulfonyl group. 
Ionization of the anilino group accounts for spectral shifts (21) and cor- 
relates with the pKo of 8.15. The second pK„ ,9.72, was then assigned to 
the protonated amine group in the alkyl side chain of sotalol. 

The distribution coefficients obtained from the extraction method 
using octanol and Sorenson's buffer varied over a fourfold log range. The 
range in partitioning behavior of the series is a consequence of the dif- 
ferences in aromatic substitution. The partitioning results permitted the 
compounds to be grouped as very lipophilic, lipophilic, or hydrophilic, 
classiflcations which were predictable from structural considerations. 
In addition to the amino group, the hydrophilic compounds also con- 
tained relatively polar substituents on the aromatic ring. Therefore, 
hydrogen bonding interactions with water are greater for atenolol and 
acebutolol, which contain amido groups, for nadolol, which contains a 
dihydroxy function and for sotalol, which contains a sulfonamido moiety. 
The very lipophilic compounds, on the other hand, contain hydrophobic 
substituents. The cyclopentyl group on the benzene ring gives penbutolol 
a high distribution and partition coefficient, whereas the furanyl group 
imparts lipophilicity to bufuralol. The ethoxybenzyl substituent in be- 
vantolol not only lowers its pKa , but also increases its lipophilicity. The 
high partition coefficient of propranolol is a result of the high lipophilic 
contribution of naphthalene. Based on the partitioning results of the very 
lipophilic and hydrophilic compounds, the remaining compounds 
(levbunolol, oxyprenolol, timolol, and metoprolol) appear to contain 
substituents of an intermediate nature as far as polarity. 

Corneal Permeability— The permeability coefficients of each 
iS-blocking agent were obtained by linear regression of the steady-state 
flux. Figure 3 shows a plot of Q versus t for propranolol and atenolol 
across excised rabbit corneas. The data points closely fit the least-square 
regression line once steady state has been reached. The lag time, defined 
by the linear intercept on the time axis, is related to the time required 
to reach steady-state permeation; more specifically, it is inversely related 
to the permeability coefficient. Consequently, the more rapidly pene- 
trating compounds will have a shorter lag time and a greater steady-state 
flux. The slope of the straight line (AQ/AO, was substituted into Eq. 3 
to obtain the apparent permeability coefficient. The apparent perme- 
ability coefficient also contains any aqueous diffusional layers that may 
exist on each side of the cornea. 

Mathematical Model Relating Stirring Rate to Aqueous Dif- 
fusional Layer Resistance— The total diffusional resistance, R^, 
through a multilayered barrier is represented by (22): 

(Eq.6) 



where i represents each homogeneous barrier in series, n represents the 
total number of barriers, h represents barrier thickness, A represents 
surface area, D represents the diffusion coefficient, and PC represents 
the partition coefficient (22). With regard to significant diffusional layers, 
the rabbit cornea possesses two main tissue types; the lipophilic epithe- 
lium and endothelium, and the hydrophilic stroma. Assuming the exis- 
tence of an aqueous diffusional barrier, the apparent resistance of the 
cornea can be considered as layers in series (23, 24) or: 



ffapp = IT- = fi.pi + + R«uto + ««, 



(Eq.7) 



fi»pp = Rt + flaq (Eq. 8) 

where R,^ represents the sum of aqueous diffusional resistances on each 
side of the cornea and Rt represents the sum of the resistances of the 
corneal layers (epithelium, stroma, and endothelium). 

According to the Nernst theory (25), there is a thin layer of static liquid 
of thickness /laq immediately adjacent to a solid body. Outside of the 
static liquid layer is the well-stirred bulk solution. Experimental deter- 
minations have shown that the aqueous diffusional layer thickness, had, 
can be expressed as: 



(Eq.9) 



not real. For example, experimental measurements have shown that the 
liquid retains its mobility down to a distance from the solid surface 
smaller than Despite the fact that the Nemst theory may not exactly 
represent the diffusional behavior at the interface of liquid and solid, it 
can be used empirically to calculate Rm (25). 

In determining the resistance of the j3-blocking agents across excised 
rabbit corneas within the stirred perfusion chamber, the following 
equation, which combines Eqs. 6-9, was considered: 

where hw,! and h«,2 are the aqueous diffusional layer thicknesses on each 
side of the mounted cornea at a given stirring rate, and R,tz represents 
the membrane resistance for the stroma. R^ is measured experimentally 
at a specific stirring rate, i.e., 1/Ptpf 

By assigning = + Aw,2 and substituting V'" for h^, then Eq. 
10 can be expressed as: 



fiapp = fl.tr + 



DA(PC) 



(Eq. U) 



In the modified perfusion chamber, the stirrer is at the center of a circle 
1 cm in diameter which contacts tangentially with tlie membrane and the 
perfusion chamber wall. Assuming that the liquid velocity tangential to 
the membrane, V, is proportional to the angular velocity of stirring, u, 



DA(PC) 



Sq. 12) 



where m is a proportionality factor between the liquid velocity (cm/sec) 
and the angular velocity (rad/sec)^. To perform the nonlinear regression 
analysis the diffusion coefficient (D) was approximated by 1 X 10"* 
cmVsec, an appropriate estimate for compounds of 200-300 molecular 
weight (22); PC was assigned a value of 1 for the aqueous system, and A 
was assigned a value 1.087 cm^, which represented Uie surface area of the 
cornea used throughout the study. The remaining unknown parameter 
values (At, m, and n) were determined from the nonlinear regression 
analysis^'. Figure 4 shows the results for atenolol permeation through 
excised stromal preparations with stirring rates varying from 425 to 1050 
rpm. The computer-generated parameter values substituted into Eq. 10 

R^ = 26.8 + 100,000 (0.1006u)->" (Eq. 13) 

where 26.8 X 10^ sec/cm represents the intrinsic stromal resistance, flitr. 
The apparent stromal resistance to atenolol permeation was 30.5 X lO' 
sec/cm. This latter value represents the experimental conditions for the 
perfusion chamber when stirred with the bubbling action of O2-CO2. The 
difference between the two resistances (fl^pp - R,u) is 3.7 X 10^ sec/cm 
and represents the aqueous diffusional layer resistance, Raq. This value 
was used in determining the intrinsic membrane resistances for the other 
/3-blocking agents. 

Permeability versus Partitioning Correlations— Figure 5 shows 
a plot of log Pr against log PC; Table III contains the calculated pa- 
rameter values. The data, although somewhat scattered, shows a plateau 
region for the very lipophilic compounds (propranolol, bufuralol, bevan- 
tolol, and penbutolol). The rate-determining factor responsible for the 
plateau region is not a result of the aqueous diffusion layer, since its 
contribution was subtracted from the experimentally determined per- 
meability coefficients. The permeability rate is probably controlled by 
the hydrophilic stroma for these very lipophilic compounds. The rela- 
tively poor permeability shown for the hydrophilic compounds nadolol 
and sotabl possibly explains their poor potential for lowering intraocular 
pressure. 

Multiple regression analyses® (26) were performed on the data to find 
the best set of parameters to describe the change in log Pr with a change 
in either log PC or log DC. Although the ranges in molecular weight and 
pKa were relatively narrow for the /3-blocking agents selected for study. 



" rpm was converted to rad/sec by: tad/sec = rpm(2T)/60. 
" Nonlinear regression was performed using the BMDP3R programs on an 
IBM370, at the Univeisity of Iowa Computer Center, University of Iowa, Iowa City, 



Pr represents the permeability coefTicient across the intact excised rabbit 
MuuFpFe iiroar regression was performed using the BMDPlR, BMDP2R, and 



where V is the velocity of the moving liquid. The exponent n depends BMDP9R regression programs on an IBM370 computer. 



1270 / Journal of Pharmaceutical Sciences 
Vol. 72, No. 1 1. Noven*)er 1983 



^1 

Si 




-2 -1 0 1 2 3 

LOG DISTRIBUTION COEFFICIENT 
(OCTANOL-BUFFER) 

Figure 5— Log-log plot of permeability coefficient (pH 7.65) and dis- 
tribution coefficient (pH 7.65). The regression curue is represented by: 
log Pt = 0.623 log DC - 0.108 (log DC) « - 5.0268, where r = 0.9756and 
n = 11; acebutolol (m)is included in the figure, but not in the regression 

a log MW term and a log DI^* term were included in the analysis. Mo- 
lecular weight (MW) is inversely related to diffusion and has been shown 
to improve correlations of this type (27, 28). Because of the plateau region 
(Fig. 5), a (log PC)= or (log DC)^ term was also included. AU possible 
subsets were analyzed, beginning with the intercept plus one parameter, 
then the intercept plus two parameters, etc., up to the single set repre- 
senting the intercept plus the maximum of four parameters. The corre- 
lation coefficient (r) and systematic deviation were used as the criteria 
to judge the best fit. The best fit for log Pt was represented as a function 
of all the p 



log /"t = 1.01 log PC - 0.115(log PC)* - 5.64 log MW 

- 10.4 log DI + 7.27 (Eq. 14) 

r = 0.9272 p= 0.0041 n = 12 
Both molecular weight and degree of ionization showed the expected 
inverse relationship to permeability. However, with either the molecular 
weight or degree of ionization term omitted from the regression analysis, 
the correlation coefficient was reduced only minimally to 0.8989 or 0.8678, 
respectively. With both molecular weight and degree of ionization re- 
moved, the correlation coefficient was 0.8560. With only die logPC term 
and the intercept, the regression analysis yielded a correlation coefficient 
of 0.8523. This latter linear regression line, however, shows systematic 
deviation at the plateau region and was not considei ' . -. 

to the data. 

When DC was substituted for PC the multiple 
produced an equally good fit: 

log Pt = 0.681 log DC - 0.123(log DC)« - 5.04 log MW 

-2.64 log DI -I- 7.22 (Eq. 15) 
r = 0.9282 p = 0.0040 n = 12 

When the degree of ionization was removed from consideration in Eq. 
15, the correlation- coefficient was reduced slightly to 0.9223. The lack 
of improvement from considering the degree of ionization is under- 
standable, since the distribution and permeability coefficienta represent 
the data at the same pH. By excluding the molecular weight term and (log 
DC)^ the correlation coefficient was 0.8908 Ulustrating the small, but 
necessary, contribution of the squared term when systematic deviation 

The hydrophilic acebutolol deviated the most £rom any regression line. 
By considering acebutolol as an outlier and excluding it from the re- 
gression analysis, the correlation coefficimts increased. For example, the 
best regression lines yielded: 

log Pt = 0.972 log PC - 0.112(log PC)^ - 2.71 log MW 

-9.26 log DI-F 0.219 (Eq.l6) 
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-0.0092 



MW represents molecular weight; DI represents degree of ior 

r-0.9696 p-0.0008 n = 11 

log Pt = 0.623 log DC - 0.108(log DC)« - 5.0268 (Eq. 17) 

r = 0.9756 p<0.00009 n = ll 

Equation 17 predicts an optimum log DC value of 2.88, determined by 
setting d log Pt/d log DC equal to zero and solving for log DC. However, 
there is no experimental evidence that a parabola would best describe 
the data. Compounds of greater lipophilicity than penbutolol could not 
be obtained to test this phenomenon. 

Although correlations of this type are helpful in predicting useful 
molecular modiflcations, extrapolation to in vivo ophthalmic bioavail- 
ability must take into consideration solubility, the short residence time 
of instilled drops in the eye, and rapid metabolism or poor distribution 
to the target tissue. For example, a drug may have ideal partitioning 
behavior, but if it is not soluble, its concentration in tears will be too low 

to the permeability coefficient multiplied by tear concentration. If a 
suspension is formulated because of the poor drug solubility, expulsion 
of the particles by the eye may take place before solubilization occurs, 
resulting in lower bioavailability. 



"DI represents < 



degne of ionization and was calculated from: DI = -I- 
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Abstract □. Rabbit corneas were excised and mounted in a chamber to 
determine the permeability characteristics of a group of jS-blocking 
agents. By measuring the permeability rate of each drug across intact 
cornea, stroma alone, epithelium-stroma, and stroma-endothelium, it 
was possible to determine the resistance to penetration for each corneal 
layer. The reciprocal of the sum of resistances for the epithelium, stroma, 
and endothelium equaled the experimentally determined permeability 
coefficient for the intact cornea (104 ± 6.0%). Thus, the penetration of 
/3-blocking agents through the excised rabbit cornea could be treated as 
three barriers in series. For hydropbilic compounds, the epithelium was 
the rate-determining barrier. The endothelium offered less resistance, 
whereas the stroma offered only very minimal resistance. The lipophilic 
compounds penetrated the excised cornea more rapidly. However, the 
stroma became rate-determining for the most lipophilic compounds 
(penbutolol, bufuralol, bevantolol, and propranolol). Although the octa- 
nol-buffer (pH 7.65) distribution coefficient of these compounds varied 
over a fourfold logarithmic range, the permeability coefficient was con- 
sidered nearly constant [3.4 X 10"* (±0.34) cm/sec] for stroma. Also, the 
ratios of tortuosity to porosity for the stromal layer were 1.58 ± 0.15. 
These results suggest that drug diffuses through an aqueous media of 
gel-like mucopolysaccharide interspersed by a matrix of collagen fibrils. 
From further analyses intra- and intercellular pathways for epithelium 
and endothelium were added to the model resulting in a sigmoidal rep- 
resentation of permeability coefficient versus distribution coefficient 
However, the intercellular (pore) pathway could not be adequately 
quantified because of the variation in the data for very hydropbilic 
compounds. 

lility characteristics, excised 



rabbit corneas, barrier contributions □ Permeability— /3-blocking agents, 
excised rabbit corneas, barrier contributions □ Ophthalmic drugs— 
^-blocking agents, corneal permeability, rabbits, barrier contributions 

To optimize the penetration rate of drugs across bio- 
logical membranes, quantitative multiple regression 
analyses are conducted to relate permeability to various 
physicochemical factors (1-3). These factors are often 
related through a sum of log terms, including partition 
coefficient, molecular weight, and degree of ionization. 
With the use of a digital computer and the appropriate 
algorithms, the regression analysis can be performed by 
a stepwise addition or deletion of each term or by com- 
paring fdl possible subsets of the terms (4). In this way the 



signlHcance of each term can be ascertained. Once all rel- 
evant physiochemical properties have been defined, an 
optimal chemical structure can be proposed. This semi- 
empirical approach, however, does not characterize the 
biological limitations imposed by the membrane, such as 
the significance of parallel aqueous pore pathways or 
limiting diffusional layers. 

The permeability coefficients (Pt) of 12 (S-blocking 
agents through excised rabbit corneas mounted in a per- 
fusion chamber at pH 7.65 were determined in the previous 
paper (5). Through multiple regression analyses (excluding 
one outlier), log Pt could be related to partitioning factors 
by: 

log Pt = 0.6228 log DC - 0.1081(log DC)2 - 5.03 
r = 0.9756 p < 0.00009 n = 11 (Eq. 1) 

where DC represents the octanol-buffer (pH 7.65) distri- 
bution coefficient. Neither a log molecular weight term nor 
a log degree of ionization term significantly improved the 
correlation. The parabolic equation represented in Eq. 1 
predicted optimal penetrability at a log DC value of 2.88, 
the apex of the parabola. However, the experimental data 
(log Pt versus log DC) was curvilinear, leveling off to a 
plateau such that the asymptotic transport model of Ho 
et al. (6) could be applied. It is the purpose of this study 
to determine the limiting biological factors governing the 
steady-state flux of jS-blocking agents across the multi- 
layered excised rabbit cornea. 

EXPERIMENTAL 

Drugs — /S-Blocking agents used in the experiments were acebutolol 
hydrochloride', atenolol^, bevantolol hydrochloride^, bufuralol hydro- 
chloride'*, levbunolol hydrochloride''', metoprolol tartrate^, nadolol*. 
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APPENDIX G2 



Aqueous Penetration and Biological Activity 
of Moxifloxacin 0*5% Ophthalmic Solution 
and Gatifloxacin 0.3% Solution in Cataract 
Surgery Patients 



Dianne H. Kim, MD,' Walter]. Stark, MD,' Terrence P. O'Brien, MD,' James D. Dick, PhD^ 

Purpose: To measure the achievable perioperative aqueous concentration of the commercially available 
topically administered fourth generation fluoroquinolones, moxifloxacin 0.5% ophthalmic solution, and gatifloxa- 
cin 0.3% ophthalmic solution, and to correlate this concentration with the agents' biological efficacy in the 
aqueous humor of patients undergoing routine cataract surgery. 

Design: Prospective, randomized, parallel, double-masked, clinical trial. 

Participants: Fifty patients undergoing cataract extraction. 

Metfiods: Patients (n = 25) were given perioperative topical moxifloxacin 0.5% or topical gatifloxacin 0.3% 
(n = 25). One drop of antibiotic was administered every 1 0 minutes for 4 doses beginning 1 hour prior to surgery. 
Aqueous humor was sampled via paracentesis and antibiotic concentrations were determined using validated 
high performance liquid chromatography (HPLC) procedures. Dilution analyses were performed to determine the 
biological efficacy of the agents in the aqueous against Staphylococcus epidermidis, the most common cause 
of postcataract endophthalmitis. 

iVIain Outcome l\/leasures: Aqueous humor antibiotic concentrations were measured using HPLC and 
microdilution bioassay techniques. Biological activity was measured as minimal inhibitory dilution and minimal 
bactericidal dilution. 

Results: Aqueous humor concentrations for moxifloxacin via HPLC analysis were 1.80 (±1.21) iJig/m\, 
whereas those for gatifloxacin were 0.48 (±0.34) /i,g/ml. This 3.8-fold difference in aqueous humor antibiotic 
concentrations was statistically significant (P = 0.00003). Similarly, the biological dilution analysis of the aqueous 
humor samples showed that moxifloxacin attained an estimated activity of 2.1 /i,g/ml, whereas the gatifloxacin 
activity was approximately 0.4 jag/ml, which represented a 4.9-fold difference. 

Conclusions: This study demonstrated that after topically administered perioperative antibiotics with cat- 
aract surgery, moxifloxacin 0.5% ophthalmic solution achieved a statistically significantly higher concentration in 
aqueous humor compared with gatifloxacin (P = 0.00003). Results from the broth dilution analysis showed that 
moxifloxacin 0.5% was biologically more active against S. epidermidis than gatifloxacin 0.3% in aqueous humor 
after topical application. There were no adverse events reported, and incision wounds healed quickly and as 
expected. Ophthalmology 2005;1 12:1992-1996 © 2005 by the American Academy of Ophthalmology. 



Recent reports indicate that endophthalmitis rates after 
cataract surgery are on the rise (McDonnell PJ. Endoph- 
thalmitis risk factors: clear corneal incision? Presented 
at: American Academy of Ophthalmology meeting, Oc- 
tober 25, 2004; New Orleans, Louisiana). The outcome of 
this intraocular infection can be devastating to the patient 
and result in significant loss of vision and even loss of the 
eye. Goals of perioperative administration of antibiotics 
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are to prevent infection by decreasing colonization of the 
ocular surface normal flora and pathogens as well as to 
achieve a therapeutic intraocular antibiotic concentra- 
tion.'"^ Gram-positive pathogens are the most common 
organisms implicated in endophthalmitis cases.'' Re- 
cently, there has been an emergence of resistant gram- 
positive organisms recovered from cases of endoph- 
thalmitis.^"'^ 



Supported in part by the Raymond and Helen Kwok Research Fund, Hong 
Kong, China; Stavros S. Niarchos Foundation, New York, New York; and 
unrestricted grants to the Wilmer Institute from Alcon Laboratories, Inc., 
Fort Worth, Texas, and Pfizer Inc., New York, New York. 
Correspondence to Walter J. Stark, MD, Anterior Segment and Cataract/ 
Refractive Service, The Johns Hopkins Hospital, The Wilmer Institute, 
Maumenee Bldg., Room 327, 600 N. Wolfe St., Baltimore. MD 21287- 
9238. E-mail: wstark@jhmi.edu. 



ISSN 0161-6420«)5/$-see front matter 
doi:10.1016/j.ophtha.2005.06.017 



APPENDIX I 



Kim et al • Penetration and Biological Activity of Moxifloxacin and Gatifloxacin 



The fourth generation fluoroquinolone eyedrops have 
been developed to broaden the spectrum of antibiotic cov- 
erage, including resistant strains. These molecules have a 
lower propensity to promote the development of resistance, 
because they require 2 mutations to establish resistance, one 
in the topoisomerase IV gene and a second one in the DNA 
gyrase (topoisomerase 11) gene.* '' In addition, the bulky C-7 
substituent of the moxifloxacin molecule renders it a poor 
substrate for bacterial efflux pumps, which effectively pre- 
vents it from being removed from the bacterial cell.'^ 
Therefore, more of the antibiotic accumulates within the 
bacterial cell resulting in rapid bacterial cell death. Gati- 
floxacin contains a methoxy substituent at position 8 of the 
quinolone ring that has been associated in some bacteria 
with increased bacteriostatic and bactericidal activity, as 
well as decreased selection of resistant mutants.'** 

In vivo penetration studies have been conducted with all 
of the ophthalmic fluoroquinolones: both second generation 
fluoroquinolones, ciprofloxacin and ofloxacin, the third gen- 
eration fluoroquinolone, levofloxacin, as well as with the 
fourth generation fluoroquinolones, moxifloxacin and gati- 
floxacin (Invest Ophthalmol Vis Sci 44[suppl]:1454, 2003; 
Invest Ophthalmol Vis Sci 44[suppl]:2117, 2003; Invest 
Ophthalmol Vis Sci 45[suppl]:4906, 2004).'^''^ In studies 
with human patients, it has been demonsti-ated that moxi- 
floxacin can safely penetrate the cornea and achieve a 
higher concenti'ation in the aqueous at least 2 to 3 times that 
of other fluoroquinolones (Invest Ophthalmol Vis Sci 
46[suppl]:5051, 2005).'^-'^ 

The purpose of this study was to measure the perioper- 
ative aqueous concentration of the fourth generation fluo- 
roquinolones, moxifloxacin, and gatifloxacin and to corre- 
late this concentration with the biological activity of the 
agent within the aqueous specimen against the most com- 
mon endophthalmitis-causing organism, S. epidermidis. 
This biological activity took into account the protein bind- 
ing and otiier host factors that could affect the in vivo 
activity of the fluoroquinolone. To our knowledge, this is 
the first in vivo study to look at bofli the achievable con- 
centration and the relative biological activity of these 2 
newer generation 8-methoxy fluoroquinolone topical ocular 
antibiotics. Therefore, we present 2 different assessments of 
penetration and biological efficacy from aqueous humor 
samples in patients undergoing cataract surgery, both cor- 
roborating the same surgical outcome of higher potency and 
penetiration with moxifloxacin 0.5% ophthalmic solution. 



Patients and Methods 



This was a prospective, randomized, parallel, double-masked, clin- 
ical trial involving 50 patients undergoing cataract extraction who 
were given perioperative topical moxifloxacin 0.5% (Vigamox, 
Alcon Laboratories, Inc., Fort Worth, TX; n = 25) or gatifloxacin 
0.3% (Zymar, Allergan Inc., Irvine, CA; n = 25) commercially- 
available ophthalmic solutions. Institutional Review Board/Ethics 
Committee approval was obtained. Surgical methods were previ- 
ously described in a preliminary report.^" On the day of surgery, 
patients were randomly assigned to receive drops 10 minutes apart 
for a total of 4 doses with the last dose given (±2) minutes prior 
to the time of initiating the cataract incision. A 15-degiee super- 



blade was used to make a paracentesis, and a 30-gauge cannula on 
a tuberculin syringe then was used to acquire the aqueous speci- 
men immediately through the paracentesis site. Once the specimen 
was acquired, it was transferred immediately to an Eppendorf tube 
using sterile gloves and stored in -70° C. 

Moxifloxacin and gatifloxacin concentrations in human aque- 
ous humor were determined by an independent laboratory using 
a validated high performance liquid chromatography (HPLC)- 
tandem mass spectrometry method as previously described.'^ 
Briefly, 50 ;li1 of human aqueous humor was spiked with a tetra- 
deuterated moxifloxacin internal standard. The samples were pre- 
pared using reversed-phase, solid-phase exfraction caruidges. The 
HPLC was performed on a reversed-phase C8 column. 

Broth Dilution Assay 

The bactericidal activity of the aqueous humor was detennined 
according to the National Committee for Clinical Laboratory Stan- 
dards guideline for performance of the serum bactericidal test.^' 
This methodology is useful in assessing the inhibitory and lethal 
activity of antibiotics in vivo, because it takes into consideration 
host factors such as penetration and protein binding as well as 
organism-antibiotic interaction. For analysis, 0.1 ml of each aque- 
ous humor sample was serially diluted 2-fold in 0.1 ml of cat ion 
adjusted Mueller-Hinton broth in sterile miciotiter plates over a 
dilution range of 1:2 through 1:128. The reference organism used 
to determine the bactericidal activity of the aqueous samples was 
a clinical isolate of S. epidermidis, the most common causative 
organism for postcataract endophthalmitis. The reference S. epi- 
dermidis utilized in these experiments exhibited a minimal inhib- 
itory concentration (MIC) of 0.1 ixglm\ to gatifloxacin and an MIC 
of 0.05/xg/ml to moxifloxacin. These MIC values are consistent 
with those found in the published literature.'' For analysis, the 
reference strain was grown overnight on trypticase soy agar with 
5% sheep blood, 3 to 5 colonies were inoculated into CAMHB, 
and incubated for 6 hours at 35° C, and then the inoculum broth 
culture was adjusted to 0.5 MacFarland standard (-1-5X10* 
CFU/ml) diluted 1:10 in CAMHB and 0.01 ml and was added to 
each microtiter well to yield a final concentration of 1-5X10") 
CFU/microtiter well. Trays were incubated in ambient air at 35° C 
for 24 hours. Each specimen was read for turbidity and the highest 
dilution demonstrating no growth was determined as the minimal 
inhibitory dilution. Wells showing no turbidity were quantitatively 
(0.1 ml) subcultured to trypticase soy agar with 5% sheep blood 
and incubated for 24 hours at 35° C. After incubation, the colonies 
were counted, and the minimal bactericidal dilution was deter- 
mined as the highest dilution yielding < 10 colonies (>99.9% 
Killing). For purposes of estimating the antibiotic concentration in 
each sample, the minimal inhibitory dilution was multiplied by the 
MIC of 0.05 /Ag/ml for moxifloxacin and 0.1 jig/ml for gatifloxa- 
cin of the reference S. epidermidis. 

Statistical analyses were performed using a Student's t test to 
detect differences between the antibiotic treatment groups. 



Results 



Mean aqueous humor measured concentrations obtained via HPLC 
analysis for moxifloxacin were 1.80 (±1.21) /j,g/ml compared with 
for 0.48 (±0.34) /ig/ml gatifloxacin (Fig 1). This represented a 
3.8-fold difference in measured aqueous humor antibiotic concen- 
trations, which was statistically significant (P = 0.00003). 

Microbiological dilution bioassay of the aqueous humor sam- 
ples showed that moxifloxacin attained an estimated antibiotic 
concentration based on inhibitory activity of 2.1 ixgm\ (±1.7 /xg/ 
ml), whereas the gatifloxacin concentration was 0.4 ju.g/inl (±0.4 
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■ Moxifloxacin via HPLC Analysis 
m Gatifioxacin via HPLC Analysis 

■ Moxiflaxacin via Dilution Assay 
^ GaWloxacIn via Dilution Assay 




Figure 1. Aqueous humor antibiotic concentrations and dilution bioassay 
results from patients undergoing cataract surgery. One drop of antibiotic 
was administered every 10 minutes for 4 doses beginning 1 hour prior to 
surgery. The aqueous humor sample was collected at the time of incision 
within a 30 ( ±2) minute window from the time of the last antibiotic drop. 
Moxifloxacin achieved an aqueous humor concentration of 1.80 ^g/ml, 
whereas gatifioxacin was 0.48 /xg/ml. This difference was significantly 
different {**P = 0.00003). The aqueous humor concentrations were 
estimated as 2.1 iig/ml for moxifloxacin and 0.4 (xg/ml for gatifioxacin by 
multiplying the minimal inhibitory dilution by the minimal inhibitory 
concentration of the reference Staphylococcus epidermidis. HPLC = high 
performance liquid chromatography. 



;iig/ml, Fig 1). Dilutional analysis resulted in an average i 
inhibitory dilution of 1:42 for moxifloxacin 0.5% and 1:4 for 
gatifioxacin 0.3% against S. epidermidis. Ths average minimal 
bactericidal dilution was 1:40 for moxifloxacin 0.5% ophthalmic 

solution and 1:3 for gatifioxacin 0.3% ophthalmic solution. Thus, 
moxifloxacin aqueous samples had to be diluted to a higher extent 
than gatifioxacin aqueous samples before bacterial growth was 
observed. These results showed that moxifloxacin 0.5% was bio- 
logically more active against S. epidermidis than gatifioxacin 0.3% 
in aqueous humor after topical application. There were no adverse 
events reported, and incision wounds healed quickly and as ex- 
pected. 



Discussion 

Recent reports indicate that resistance to earlier generation 
ocular antibiotics among clinical bacterial isolates is becom- 
ing more prevalent. ^■'"'^•^^•2' The increasing number of 
ocular surgical procedures poses a greater risk for periop- 
erative infection. Recent reports indicate an upward trend in 
the incidence of bacterial infections after cataract and re- 
fractive surgery.^"*"^** This increased risk of surgical com- 
plications, such as postoperative endophthalmitis and kera- 
titis, in part prompted the advance of the fourth-generation 
antibiotics moxifloxacin 0.5% ophthalmic solution and gati- 
fioxacin 0.3% ophthalmic solution for the prevention and 
treatment of these potentially serious ocular infections. 
Moxifloxacin and gatifioxacin are 8-methoxy-substituted 
fluoroquinolone agents demonstrating greater potency 
against gram-positive organisms, and including for the first 
time, certain species of atypical mycobacteria compared 
with earlier generation fluoroquinolones while retaining ex- 



cellent coverage against gram-negative bacteria.^ '' Specific 
to endophthalinitis, Kowalski et aP' demonstrated a first 
proof-of-principle for prophylactic topical fluoroquinolone 
antibiotic use in the prevention of endophthalmitis in an 
animal model demonstrating that pretreatment with moxi- 
floxacin prevented development of endophthalmitis after a 
large intravitreal inoculum of bacteria administered to rab- 
bits. 

An important factor that contributes to the success of 
antibiotic therapy is the ability of the molecule to penetrate 
the target ocular tissues at concentrations greater than the 
MIC. The mutant prevention concentration is typically 8- to 
10-fold higher than the MIC for a given organism. ^"-^^ 
Recent studies indicate the likelihood of selection for resis- 
tant microorganisms can be reduced by maintaining con- 
centrations at or greater than the mutant prevention concen- 
tration.^" Therefore, maintaining the highest possible ratio 
between aqueous humor fluoroquinolone concentrations and 
MIC, preferably at or greater than the mutant prevention 
concentration decreases the probability of selecting for single- 
step mutants.'-^' Moxifloxacin 0.5% ophthalmic solution 
provided drug penetration at concentrations greater than the 
MICs for S. epidermidis. Streptococcus pneumoniae, veri- 
dans streptococci, enterococci, and Bacillus species, as well 
as fluoroquinolone-susceptible and resistant Staphylococcus 
aureus (Fig 2).* Gatifloxacin achieved MICs for all of tiiese 
organisms, except for fluoroquinolone-resistant S. aureus 
(Fig 3). 

The current penetration study corroborates reports from 
other investigators with animal models and human patients. 
Moxifloxacin (distribution coefficient at pH 7.4 = 0.61) is 
more lipophilic than gatifloxacin (distribution coefficient at 
pH 7.4 = 0.1 1) (Invest Ophthalmol Vis Sci 45[suppl]:4907, 
2004). This facilitates the ability of moxifloxacin to traverse 
both the epithelial and endothelial corneal membrane layers. 
Tissue penetration studies with excised rabbit corneas dem- 
onstrated that moxifloxacin 0.5% safely produced a 3.6-fold 
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Figure 3. Gatifloxacin gram-positive minimal inhibitory concentrations 
in relation to aqueous humor concentrations from the current study. 
Minimal inhibitory concentration values are from Mather et al.* FQR = 
fluoroquinolone resistant; FQS = fluoroquinolone sensitive. 



higher corneal penetration coefficient than gatifloxacin 
0.3% (Invest Ophthalmol Vis Sci 45[suppl]:4910, 2004). 
The appearance of moxifloxacin on the endothelial side was 
also approximately 2-fold faster than gatifloxacin. Another 
rabbit study demonstrated that moxifloxacin was readily 
absorbed into the aqueous humor and anterior ocular 
tissues (Invest Ophthalmol Vis Sci 44[suppl]:1454, 
2003). Solomon et al'^ conducted a prospective study in 
cataract patients in which the antibiotic dosing frequency 
was 4 times daily for 3 days prior to surgery. On the day of 
surgery, patients received the antibiotics every 15 minutes 
for 3 doses 1 hour prior to their procedure. Aqueous humor 
concentrations at the time of surgery were significantly 
higher for moxifloxacin (P<0.05) than for gatifloxacin. 
Katz et al'* measured moxifloxacin aqueous humor concen- 
trations in cataract patients who received 1 drop every 15 
minutes for 4 doses before surgery (group 1), or 1 drop 4 
times a day the day before surgery plus the same preoper- 
ative regimen as group 1 (group 2). The maximal concen- 
tration achieved with these 2 regimens was not significantly 
different. The area under the aqueous concentration-time 
curve (AUCo_3 ^r) did show a difference in favor of group 
2 (P = 0.04). This study also corroborates that topical 
moxifloxacin was well absorbed into the aqueous humor at 
concentrations much greater than the median MICs for 
common pathogens involved in endophthalmitis. In a pro- 
spective study of cataract patients dosed 4 times a day the 
day before surgery with 1 additional drop an hour before 
surgery, McCulley's group reported aqueous humor con- 
centrations that were significantly higher for moxifloxacin 
than for gatifloxacin (Invest Ophthalmol Vis Sci 46[suppl]: 
5051, 2005). The antibiotic concentrations attainable with 
topical dosing reported from these published studies are 
consistent with those from the current study that were 
measured via HPLC as well as through a microdilution 
bioassay. 

To tiie best of our knowledge, there are no published 



studies that have compared the efficacy of achievable con- 
centrations of moxifloxacin 0.5% ophthalmic solution with 
gatifloxacin 0.3% ophthalmic solution in aqueous humor via 
broth dilution. 

Clinical studies with human patients confirm the preclin- 
ical studies with moxifloxacin and gatifloxacin that demon- 
strate that effective corneal penetration does not compro- 
mise the safety of these antibiotics (Invest Ophthalmol Vis 
Sci 46[suppl]:4903, 2005).=*^-^^ Yee et al's^-' group recently 
reported that there were no significant differences in human 
corneal wound healing, haze, or visual acuity between 
moxifloxacin 0.5% and gatifloxacin 0.3% (dosed every 6 
hours until complete wound healing had occurred) for bi- 
lateral photorefractive keratectomy patients. Another study 
from flie same laboratory showed equivalence between 
these 2 fluoroquinolone antibiotics (dosed 4 times a day for 
3 days prior to surgery and 7 days postoperatively) in terms 
of flap clarity, stromal edema, flap edema, epithelial defect, 
and visual acuity for Epi-LASIK patients (Invest Ophthalmol 
Vis Sci 46[suppl]:4877, 2005). Durrie and Trattler^''' also 
reported that moxifloxacin 0.5% and gatifloxacin 0.3% oph- 
thalmic solutions were equivalent in terms of corneal heal- 
ing after LASIK and laser epithelial keratomileusis 
surgery. Thus, both products are believed to be biocompat- 
ible when administered in doses reconmiended by prevail- 
ing standards-of-care in a variety of ophthalmic surgical 
procedures. 

The current study presents 2 assessments of fluoroquin- 
olone penetration and biological efficacy from aqueous hu- 
mor samples in patients undergoing cataract surgery. These 
results corroborate the same statistical and clinical out- 
comes of higher potency and therapeutic penetration for 
moxifloxacin 0.5% ophthalmic solution compared with gati- 
floxacin 0.3% ophthalmic solution. In our study, both moxi- 
floxacin 0.5% and gatifloxacin 0.3% exceeded the known 
MIC values for most pathogens that cause endophthalmitis. 
The higher aqueous levels of moxifloxacin 0.5% may pro- 
vide greater efficacy especially against fluoroquinolone re- 
sistant S. aureus. 
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